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Abstract 

h ncent years, major power engineering equipment manufacairers 

such as Siemens and ABB have pmposad the use of active filters in place of aadi- 

tional passive filters in th& ncwer HVdc schemes. The compact design and many 

other advantages o f f d  by active film over their passive counterpat have 

increased the appeai for this new tecbnology. 

The aims of this thesis are to develop detailed P S C A D V  

models of active fiitem for both the ac- and dc-si& of an HVdc scheme. The mod- 

eh are thai integmted mto the CIGRE Wdc Benchmark Model h u g h  suitably 

designed de-coupling elements, to evduate their effectiveness in reducing hm- 

monic cuuents in the system. T d e n t  simulations have ken c d e d  out to 

examine the active 61ter ccmtroiler fespdnses to îransient conditions typicai to 

such an HVdc scheme. 

This thesis also inciudcs an investigation into the feasibility and per- 

formance of an acside active îiiter btaiiation within the Capacitot Commutated 

Convaet (CCC) HV& schtmt. 
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Introduction 

High Voltage Direct Curreat (HVdc) converters have long been 

identifieci as the source of harmonic voltages on the dc transmission lines 

and hamionic crcrnenlis on the ac systems connected to them and diese are 

mody due to the switching actions of the thyristor valves. To prevent 

these harmonies f b n  leaving the converter station, "passive" filters have 

ûaditionaiiy been eniployed. 'R~ese filters work on üic p ~ c i p l e  of supply- 

h g  a low-impedance path at the chosen hannonic fieqyencies and thus 

appearing as a short-circuit to ground fot the respective harmonic currents. 

Iii the past couple of years, tnere have been some interesthg 

developments in aie a r a  of filter design with the introduction of the so- 

d e d  "active" fiitem by major power engineering quiprnent manufactur- 

ers such as Siemens and ABB in thek newn HVdc schemes. Instead of 



using passive components tMed to give the rrquirrd harmonic fiiteriag, thwe 

active filtets empioy powa cItctz0n.i~ switching devices to produce compertsating 

a m n t  si@uIs to cancel out the hannonics. Severai papers have been published 

pertaining to this concep of active hamionic filtering [1,2,3,4,5]. 

Hannonics are defined as 9he sinusoida1 cornponents of a repetitive 

waveform which collsist exchisively of frssuencies that are exact multiples (or 

hamionic ordns) of the fhdamental hjyency" 16, p.351. A cornpiete set of har- 

monics then makes up a Fouria series which altogether represents the original 

wavefom Literature discussing the na- of HVdc converter harmonies usuaiiy 

classify them as eiîher of the characteristic or the non-characterMc type. Both 

wiii be disaissod in m m  dnail in the foilowing sections. 



Chara*cristic haunonics have oders that are related to the puise 

numba of the HVde converter. A convater of pulse numberp produces (under 

ideal system conditions) only clmaae&ïc hannonic voltages of orQis 

on the dc side, and hrumonic currents of orders 

on the ac si& of the system; k being any integer. 

Most Wdc converters are either of the 6- or 12-pulse configuration, 

thus gengating harmoaics of the ordm given in Table 1.1 below. 

Table 1.1 Orclers of chmetaMc hamonics 



The derivations of these cbaracteristc haanonics can be found in liter- 

ature [6,7,8]. Figures 1.1 and 1.2 on the a m  page pnsent the variation of the l lth 

and the 13th harmonie aments, respedvely, as a percentage of the fhdamental 

ciment and in relation to the HVdc converter angle of âelay, a and the ovalap, p 

16, pp- 45-46]. 

In general, the higher the order of harrnonics, the lowa the harmonic 

m n t  magnitudes are. The d t s  presented in Fi- 1.1 and 12 wiU be used 

in the next chapter to caldate the steady state harmonic voltage magnitudes 

across the acside active filter temïds and then on, the active filter transf~mer 

rating. 





The charaderistic hannouics presented eariier arise h m  ideal system 

conditons. Howeva, ideai conditions an rare1y observecl in pmtice and as a 

dt, smaii amounts of non-cliaracrterfptic hamonÏcs wics be present m the sys- 

tem. The tean non-characteristic haminaics is used to indicate harmonic cunents 

or voftages which fkqmcies are otha than those &en by eqytions (1.1) and 

(1.2) pfeviouS1y. 

In WC systems, these mm-ideai conditions are most often the +teSult 

of such events as:- 

(1) Unbalauced 3-phase ac voltages due to a single-phase (i.e. a 

non-symmetricai) fauk 

(2) Imbalarice in the converter components (e-g. due to compo- 

nmt fàilure). 

(3) MisfÙing of the converter vaives. 

(4) Changes in the daect cunmt magnitude initiated by the 

mnote Wdc station. 



U n k  tither one of these conditions, the converter will start to produce 

large amounts of n011-charactcristic hannnnics. For example, converkt trans- 

former saturation (due to a non-synmiehical faut on the ac-si& of the HVdc con- 

vata) wül produce a 2nd aida harmonic current on the ac-side, which wïii then 

give rise to a fundamentai nnquCncy current on the dc-side of the system. This 

phenornenon d e d  'comp1emcntary ~iesonance' is, in most cases, very unstable 

and lightly dampad due to the tact that the dc tmsmhsion k are o h  resonant 

at the hdamentd ne<iucncy 16, p.1131. 

Excessive harmonies mut be prevented h m  entering either the dc 

transmission line or the ac system due to theù tendency to cause voltage distor- 

tion, extra losses on the transmission lines, overheating in capacitofs and genera- 

tors, instability in the convater controis and more seriously, interference with 

enaiiai services such as telephone and railway si@ [6, p.511. Hiumoaic con- 

tainment mcasiirrs miist be given top priority ôecause if Ieft unchecked, harmonic 

cumnts or voltages will no longer k conhed to the vicinity of the converter 



station, but may di be m t e d  ova long distances (through traasnissi . * 
on 

Lims) and affeCtiflg tqur-pincnt ancf fkilities fgr away h m  the source of the pmb- 

lem The pincipIe means of hgnncmic eIimYration are:- 

(1) In-ing the pulse number of the Wdc converter, and 

IIicreasing the converter pulse numbef, as indîcated by equatioos (1.1) 

and (12) given previousIy, wiIl in~lle8~e the firesaency at which the lowest order 

of harmonies is produced and hence, the magnitude of the harmanics. Although 

this method bas &en used in some converta schemes, it is of general opinion that 

especially for INdc appiications, beyond the pulse nwnber 12 the use of har- 

monic filters are more economical[?, p296J. This is because the design of higher 

pulse-niunber convaters prcsents the foiiowing disadvantages: 

(1) 1 . d  levels of Iowa orda hannonics if and when the 

converter ûansformers are taken out of service. 



(3) CompltXity in transforma comections and insulation coor- 

dination_ 

HVdc schemes in parti&, have to utiiise as simple transfomer con- 

nections as possiile m oràer to minimise the pmblem of Esulating the converter 

 transformer^ to withstaad the combination of altemathg and high direct voltages. 

Moreover, HV& passive hanwnic fdters bave the ability to save a dual pinpose 

of elimingting hazmonics and providing reactive power supply to the converter- 

The ment yean have seen the development of a new type of harmonic 

filtc3rs generidy referred m as 'active filters'. In con- to traditional 'passive' 

nIters, so d e d  because of their design which is solely based on passive compo- 

nents, active fiitem utiIise cutting edge tecbnology in powet electronics and signal 

ptocessing to pro-actively inject a eafefùlly modulatecl cumnt or voltage si@ 

into the system to cotmteract the pmblematic harmonies. It is this interrsting 

deveIopment in power e n m g  which WU be p m e d  in gteater detaii in this 

thesis. 



P d v e  filters wodc on the principle of supp1yiag a low impedance path 

at the designateci hannonic fiqumcies, ,tbsis appearing as a short-citcuit path for 

the coaesponding harmonic amen& to flow to gn,ud. In theV favour, the fiiters 

are electridy simple and very e f f i e  especbiiy if the harmonies are located 

within a n m w  aacluency range while the ùapedance of the hamtonic source (in 

this case, the Wdc converter) is high [Il. Nevertheles, they possess a few limita- 

tions:- 

(1) Passive fiîters are inenectve in covering a wide range of 

fkpencies, thus pmnpting the need to i d  several cW 
ferent füters to cater for Mêrent hatmooic tkqyencies or 

range of kq~encies. 

(2) Changes in the passive component characteristics e.g. due to 

capacitor ageing, wili cause detuniog of the filter and the 

subscqmt degradation of filter womiaace. 

(3) Passive nIters operation depend on the ac network imped- 

ance and the fimdamentd neqUmcy. 

(4) Problan of resonance of the fltets with the ac network 16, 

p.1861. 



These technicai limitations may I d  to inmashg design constraïnts 

and complexity which ultimatcly k g  about an increase in the cost of such filter 

installations. 

Active filters, on the 0th- haud, measure the bannanic voltages or cur- 

rents on the ac or dc Ltie and through the use of a contmlluble voltage source, 

introduce the appmpriate 'wmpensating' voltages or cumnts into the netwotk. 

The active filter voltage or current waveforms are modulated in such a way that 

they are in phase opposition to the harmonic voltage or c m t ,  thus cancehg 

out these harmonic ~uantities. Some of the advantages of using active filters are as 

f0llows:- 

(1) Fiexiiility of the füters to adapt to changes in the ac networic 

firequency or wpology. 

(2) In a 'hybrid' configuration where an active filter is used in 

conjunction with a passive one, the former will be able to 

compeasate for the btun ing  of the latter. 



(3) The harmonie attenuation achievable by the fîiter is very 

high on the whole f h q m c y  mge. 

(4) In addition to hannonic etimination, the active filter c m  dso 

k used to dsmpai resonance in the ac netwock 191. 

(5) The comparatively smaii size of the filter installation makes 

it easy for the filter to be transported and/or relocated. 

(6) Modlncations to film characteristics only nquire changes 

to be made to the control software. As no hardware changes 

are necessary, @tes can be made quickly and with mini- 

mal additional cos& incurred. 

(7) In the 'hybnd' configuration, the number and size of the 

passive filter banks can be reduced sigdicantly. As weii as 

saving costs, thh ais0 d u c e s  the energy associated with 

voltage transients at the filter location. 

Howevci, wîth refaace to the iast pomt, it neeâs to be said here that 

for the acside active nIter installstion, the total amount of available reactive 

power compensation from the passive filter and shunt capacitor b& obviously 

needs to be maintainecl. Therefon, ifthe number of passive filters are reduced, the 

reduction in the &ve power supply has to be compensated by the shwit capaci- 

tors and rnnnining passive filtem. 



1.5 Previous Work on Acthrt Fütem 

As mentioned in the kggining of tbis chapter, there are a féw papers 

published on the subject of active filtering, albeit with dflkrent emphasis on the 

areas c o v d  and the amount of detaiis presented. With PWM-based FACTS 

(nexiile AC Transmission S m )  applications becoming more important in the 

p d t  of increestd power transmission efficiency and cost reduction, we shouid 

expect to see more publications deaiing with the application of active filtering in 

power engineering in the very near fiiture. 

During the time in which this thesis is written, the majority of pub- 

lished p a p a  on the aforementioned topic have covered such areas as:- 

(1) Steady state analysis of the filter; mostly emphasizing the 

effectiveness of the filter in removing harmonics [2,4]. 

(2) Simple transient analysis covering the filter response to 

system start-up and voltage increment/reduction [4]. 

(3) Costing exercises to gauge the fe8siôility and cost advantage 

to be gained h m  such implementation of active fiitem on 

new or aistiDg Wdc schcmes 141. 



(4) Appropriate controis stratcgies for application on dinerent 

ac network topology [LI. 

(5) opetatiod of active filter installations [3]. 

There are aiso a few papas that deal specifically with the application 

of PWM-basecl power electmnic circuits to dampen fesonmce in a power system 

network [1,9]. Although this is somewhat loosely related to harmonic filtering, 

the main concept of using PWM-based power electronic circuits to inject carefûiiy 

modulatecl curnnt or voltage signais into a netwodr and the control strategies 

exnployed are very similar to those used in active filtering applications and thus 

can be i n f d  to in various areas covered in tbis thesis. 



Foremost, this thesis focuses on develophg detailed PSCAD/EMTDC 

models of 'hybrid' active filtem fot use on both the ac- and dc-side of aa HVdc 

scheme. This compIeted, the mdeis are then integrated within the CIGRE HVdc 

Benchmsrk Mode1 [Il] to evaluate their effiveness in reducing the hannonic 

levels in the system and also to test their respnses to simulated transient condi- 

tions typical to such a system. 

On the ac-si& of the system in partidar, it WU be shown that the dou- 

ble-tuned 1 l/l3th passive hatmonic filter banks normaIly installeci on the lines can 

be removed altogether, their fiinctions taken over completely by the active fdters. 

In this case, not only has the harmoaic attenuation on the lines been improved, the 

active filtas have alPo provided some form of immunity aga- changes in the ac 

has to be made up by incmsbg the size of the shunt capacitor banlrs and this has 

been duiy taken into consideration. 



1.7 Stnictpre of The Thesis 

The following chapter wiil begin with the eqyivalent circuit qmsenta- 

tion of the active filter mode1 which will then be used to formulate the steady state 

eqyations for the system. These equations WU later be applied in calcuiating the 

kVA rating of the active fdta transformer,. The transformer represents a major cost 

in the active filter scheme and therefore nquW some de- of optimisation. 

Next, Chapter 3 wiii descricbe the hybnd active filter models developed 

using the PSCAD/EMTDC'"tmmient simulation software. Hem, only the dc-side 

active filter madel will be explainecl as both the ac- and the dc-side iiistallations 

are almost identical. Tnis will be followed by descriptions of the conaol blocks 

used to measure the harmonic currents in the system and to produce the appropri- 

ate PWM signais for the active nIter voltage source. 

The c l i f f i t  simuIation nias p e r f o d  on the fdter modeIs and the 

aaalysis of results obtained h m  EMIDC wiU then be explainecl in Chapter 4. 

These analysis will hopefiilly help to vaify the credi'bility of the models and to 

mdicate the de- of effectiveness of the filter installations. The tests also include 

transient simulations which an performed to detcrmine the filter conûoiler 



stability unda various huit conditions. In addition, some study cases wül be pre- 

scnted to illustrate the impacts of ac system topology changes on the @ormance 

of the active film. 

Next h Chiipter 5, an investigation into the feasibility of an active ûiter 

installation in a Capacitor Commutated Converter (CCC) scheme WU be con- 

ducteci. For this exercise, the CCC scheme as proposed by ABB and for which an 

@valent cîrcuit mode1 has been developed by one of the author's coueagues wïii 

be used to test the active filter @ormance. Resuits fiom aeady srate simulations 

wiU be presented before the maciers for analysis. 

FinaLiy, Chapter 6 wiU conclude the thesis by mimnarising the work 

done thus far and the main conclusions that may be derived nom the whole exer- 

cise. ûn the final note, some tecornmendations for f.urther work in this area will be 

presented. 



Active Filter Equivalent Circuit 
and 

Steady State Analysis 

h Chapter 1, the priociple bebiud active bannonic filtering has 

already been explaineci in brief. This involves (1) detecting the phase and 

amplitude of the line haunonic cum~t and (2) bjectbg the appropriate 

'comgensating' amnt (wiùch is equal in amplitude but completely out of 

phase to the hannonic current) into the line at the m d g  point and 

therefore cancelling out the harmonies. 

Depending on how the active filters are connected to the net- 

worlr, they can be classified as eitha Senes or shunt fiiters. Figure 2.1 on 

the next page illustrates the series active filter configuration [l]. Hm, the 

Series fiitcr pceycnts hannonics genmted by Network #l h m  entering the 

other network by inOroduchg a complementary voltage signal V& which is 



equal in magnitude but oppositc m phase to the harmonie voltage Vh h m  Net- 

work #1. The net Rsult is mo harmonîc voltage at the filter mminals. 

For HVdc applicatiom, this coafiguation is obviously not feasible due 

to the fat that the fûndamental cumnt (which is usually @te large) flows 

through the active filter. This means that the rating of the active filter isolating 

transformer bas to be very large ta accommodate the current- Secondly, due to the 

large switching and üghîning singe levels typical to HVdc schemes, the basic 

indation levei (BE) of this transformer bas to be designed to match these surge 

levels. Both f8ctors above will undoubtedly increase the cust of the filkz A more 

faible solution wili be to use the shunt active filter configuration, as depicted in 

Fi- 2 2  on the nact page- 



Here, the füter Uns measms the hannanic ciinrnt Ih, flowing in the 

h e  and prodaccs a 'compIementaryY cuuent signai Ifto cancel out tht barmbnics. 

A de-coupling elemenrt is placed in between the active filter imit and the ihe to 

prevent the network hdamental frequency voItage h m  appearing across the 

nla tennùrais. In the case pnsented above, aparsiveflter netwodr with imped- 

ance Zpf is uscd for such a puqose. This combination of active and passive filtas, 

0th- known as the 'hybnd active' fiiter, offers a lot of advantages such as:- 

(1) The active fdter is able to compensate for the &-&g of 

the passive fltcr, and 



(2) The passive filter can be dcsigned to pmvide a Iow ùnped- 

lmcc padi for the active filter cuuent injection kto the sys- 

tan and for bigher o t d a  hamonics h m  the system to flow 

to p u d  This auangement duces the workload of the 

active film as the filter can now be used to cancel out the 

molt dominant harmonies (e-g. the 11th and 13th) whüe the 

passive GIter takes care of the bigher orda haimoaics. The 

active flîer aansfomer rathg can then be rechtced accord- 

in%y- 

2.1 The 'Hybrid Active' Fiïtet on the Ac-Side of m HVdc System 

A single-line diagram of the pposed 'hybrid act-ce' filter designecl 

for the ac-side of an HVdc scheme is illustrateci in Figure 2.3. The active filter is 

connected to the ac busbar through a passive filter network which, in this case, is a 

hi&-pas filter. The complamntaty hiumonic CUIILM~ injection of the active f&er 

unit is provided thraugh a contdable voltage solnrce which uses a pulse-width 

modulation (PWM) techniqut to ptoduce the teqoHed c u m t  profile. 



Nat, an isolation transfomer îs uscd to provide potential isolation, 

voltage matchhg betwet~~ the PWM voltage source and the voltage across the 

filter unit, V&nd some filtering of the hi@ PWM switching fnsuencies [Il. 

Figure 23 S w e  line diagram of the ac-side 
hybrid active 61ter 



In ordn to dmlop the m e n t  circuit for the hybrid active filter, the 

siagie-liae diagram in Figure 23 on the prrMous page is redrawn with the pas- 

sive Hter network represented by a single impedaace +and the active filter unit 

replacecl by a voltage source. The simpMed diagram is shown in Figure 2.4 

below. Ln this diagram, Ild denotes the HV& converter m t ,  Iiis the current 

injection h m  the active filter unit, Vdis the voltage aaws the active filter source 

and is the ac system m t .  



At the firndamcntal frrsuency, the fimdamental bus voltage Vk, wili 

be dropped PnQmiuantly aawr, the pauive filter netwotk: the passive filter 

effively blocking out the fimdamcnital components fiom the active filter unit 

The active filter P no longer subjected to the full rated ac busbar voltage and cur- 

mit and heece can be designeci with d e r  transformer kVA ratmg and lower 

basic indation level (BE). 

At the hamronic fbquency fh (fh = h*fi , where fi is the firndamental 

fnquency and h is the hsnnonic ninnba), the @valent circuit of the hybnd 

active filter WU be reduced ta the one depicted in Figure 2.5 below. 

Fi- 2.5 ciiaiit of the rtiva film it 
iilvmmr;c-. 



h Figue 2.5, Ih rrprwcnts the cuant genemted by the harmonic 

source (Le. the Wdc converter). As meationed carlier, the active filter must pro- 

mis the appropriate cuuent signai Im to cancel out the hannonic current and thus 

prevents it b m  aitering the ac systan. 

Th- fore, 

Un* the condition abon, it is obvious that Vb* wili be zero. Thk 

Wh- vz is the voltage at harmonic frrcruency h, across the pas- 
PP 

sive filter network, F m  ecpation (2.2) above, we can therefore deduce that 



Equatioa (2.3) rc-afnnas the benefits of using a passive fiiter netwodr 

as the de-coupling elemcnt. As the passive filter off- a low impedance path to 

gromd et the tuncd aaqUencies, oniy the tuned hamionic voltages wiîl appear 

across the actM filter terminols. Henceforth, the total voltage across the active fil- 

ter tammals wül be small amparrd to the hdamental ac voltage and diis 

rrduces the kVA requircment of the active fiiter isolation transformer (see Fi- 

2.3). 



Equation (2.3) devtloped earlier will now be used in this section to 

determine the kVA rating of the isolation ttansformer for the hybrid active filter. 

The transfomer represcnts the buk of the cost associated with the active filter 

installation as well as the losses 12.41 so a srnaller transformer rathg is deskable. 

To begin *th, the impedance of the passive (de-coupiing) filter, +Ml be caicu- 

Iatd and its magnitude plotteâ against the hamionic number to verify that the 

filter tuning is comct 



Given, 

zam 1 (h)  = Z ( h )  + Z (L) + ZR (h)  and 
=P =P P 

Taence, the passive filter impodance Zpr is givm by, 

Figure 2.7 on the nen page shows the magnitude of Zpr plotted against 

the harmonie nuinber In this thesis, the CIGRE HVdc B e n c m  Mode1 [Il] has 

been used to test the active filter scheme. The fiiter unit is connected to the ac-side 

of the HVdc rectifier king fed h m  an ac voltage source of 345kV (mis) (see 

Appendix I). Now, based on the fùndamental ac line cunent of 1.673kA (m) and 

ushg the cwres in Figures 1.1 and 1.2 shown previously in Chapter 1, the peak 

magnitudes of the 11th and 13th harmonie -ts can be calculated. Note that 

the HVdc mode1 operates at a dehy angle, a= 15' and overlap angle, pz 25' . 



Figure 2.7 Frequcacy rwponse cucve for the decoupihg filter 

Hem, only the magnitudes of the 11 th and 13th harmonic currmts 

have been considem& the two king the dominant harmonies on the ac-side. 

Using equation (2.3) developed earîier aud the caicuiated value of +at the cho- 

senhannonics, the voltage acmss the active nlar terminais can then be deter- 

mined. The resuits are given in Table 2.1. 

Table 2.1 Magnitude of ac hamoic curmts snd voltagcs at the â1tcr location 



The kVA rating of the active füm transfo- is calcuiated comma- 

tively by first detennining the nns values of the tuumonic c-ts and voltages 

and then takiug the pioduct of both quantities. 

I nns) = f' = 56.12 A (mis) 

Hence, an isoiating transformer rated to at least 280 kVA will be 

rrquirrd for the active filter on the ac-side of the HVdc system. The tums ratio of 

this transformer, on the 0th- haud, will have to take into account the fhct that a 

voltage of at least 5.02kV (rms) needs to be available on the winding side con- 

nected to the ac he. In the firial design, as wiii be seen later, a tums ratio of 25: 1 

has been chosen to sstisfy the above mpifement, 



2.2 The Dcàde Hybrid Acttve Fiiter 

In this section, the hybrid active tiha for the dc side of the HVdc sys- 

tem will be dtscri'bed, Most of the steps imrolved in the development of the ecpiv- 

alent circuit for the filter and the -y state eqyations used are similar to those 

alrrady developed in the previous section and hence will only be iaferred to at this 

stage. Figure 2.8 below shows the single-line diagram of the active filter unit con- 

nected to the dc iine via a double-tuned 1Y24th passive harmonic filter. The pas- 

sive filter network is used primariEy to provide a Iow unpedance path for the 

barmonic cumnt injection into the dc he. Nevertheles, as will be seen later in 

Chapter 4, the chosen passive filter is also able to provide a reasonabie amount of 

harmonie filtering by itseK 

Figure 2.8 Single line diagrirm of the dc-sidc 
hybna active Gitet 



Figure 2.9 below shows the @valent circuit of the dcside hybrid 

active filter at the hannonic fhcpency, fk This circuit is derived tiom the single 

line diagram in the same way as has been done in section 2.1.1 earlier. Zdh repre- 

sents the impedance ofthe dc smoothing reactor at the hamonic fiequency, fh- 

Figure 2 9  Eq&ralent &cuit of active filter at 
barmonicfiequcncy. 

In the circuit above it is easy to see that at the hannonic fkequency, 

Vkeh = O for an ideal condition whem we have perfkct canceilation of the har- 

monic cuatat w t i n g  fnmi the KWc converter, Ih. Therefore, as given in the 

plteMous section, the curent injection from the active filter unit, 9 -  wïii be, 



Hence, V a .  = -(zp/; - 4) which in acnial fkct is equation (23) 

h m  section 2.1-1 earlier. 

2.2.2 Steadj State CuIcuIations 

Again h m ,  e~uation (2.3) is useâ to caicuiate the kVA rating of$e 

active filter isolation tmsforxner. In this case, only the 12th and 24th harmonic 

~uantities are taken into consideratioa; both being the dominant harmonies on the 

dc-side of the HVdc scheme. The 12th and 24th hannonic currents are measured 

directly near the input terminals to the active Hter unit rather than obtaining them 

by caiculation as this seems U, be more cunvenient, The harmonic voltages a m s s  

the active filter terminais are then caicuiated and the fesults are as tabulated on the 

next page. 



Taôle 2 2  Magninibc of dc humanic m t s  and voltages at the ûiter l d m  

From the resuits above, the kVA raîing of the active filter transfomer is 

caiculated consewatively by detemhhg the mis values of the harmonic c m t s  

and voltages and taking the product of both. 

Thus, kV', = 9.69A x 0.92 kV = 6-91 kVA (nns). Hence, an isolat- 

hg transformer rated to only 8.91 kVA will be requirrd for the active filter on the 

dc-side of the HVdc system, This is @te smaii compared to the 280 kVA trans- 

former requind for the ac-side active filter. In the final design, a transformer rat- 

hg of 9 kVA has beni used. Also, a tums ratio of 10:l has been chosen as only 

0.92 kV is naded on the transfomer winding connected to the de-coupling füter. 



Active Filter ModelCing 

Ih the previous chapter, the @valent circuit for the hybrid 

active filta has been developed and fiom the steady state e~uatiom that 

followed, a roua guide to the ratings and turns ratios of the active filter 

isolation ttansformers have been specined Now in this chapter, the other 

component of the filta, narne1y the PWMcontmllable voltage soume (or 

more commody reféned to as the voltage smxe benet - VSI), WU be 

developed and arplaiaed- Foilowing this, the conaol blocks for the active 

filter as weil as the control strategy employed wiU be studied in deW. 

Before procading fiirther, it shouid be noted here that the 

active filta componcnts developed in this thesis apply equally weil to both 

the ac- and the dc-side haunonic eiimination, therefore only the &-side 



In this thesis, the hybrid active nIter models and diei. associateci con- 

tmls have been &veIopcd using the standard übrary components a d a b l e  in the 

PSCAD/EMTDC simulation sofhmc. This simulation tool provides a very flexi- 

ble pladorni to create and simukc the transient responses of power engineering 

circuits such as the ones uscd in the active fiiter design. 

3.1 PWM Voltage Source Inverter (VSQ 

At the heart of the active filter unit is the VSI which utilizes puIse- 

width modulation (PWM) techniques to produce appropriate current si@ to 

cancei out the harmonic cumnts h m  the HSidc converter. The PWM-based VSI 

is illustrated in Figure 3.1. Although the dc input to the VSI bridge is usually 

obtained by rectifying the utility ac voltage, the inverter circuit model in this the- 

sis is provided with its own & source to simplify the circuit. IGBTs have been 

proposed as the switcbing devices for the VSI in a nirmba of papers descniing 

active filtcts and FACTS devices [1,2,4,17,18]. However, in EhrTi1)C, the model- 

h g  of LGBTs and GTOs are aimost identical since both types of devices are sim- 

ply by a SWItch with gate tinn-on and hirnaff controls [15]. T W g  



this intD consideration, GTO modcis (*ch are nadily available fhn the 

PSCAD h i )  have ken used fa the switching devices in this thesis. Neverthe- 

les, the switching charactetistics of these devices have beea designed to closely 

simulate those of IGBTs [lq. 

Figrnt 3.1 PWM voltage source mvcrtcr WSZ) 

In the VSI design, a t o I e r o ~ u : e - ~  switching conml strategy has 

been employed to tum the appropriate VSI GTO pairs on or off in orda to CO- 

the bridge oufputs (A-B) to either the positive or negative pole of the direct volt- 

age source, Vd, [IO, 19].niis effcctmy modulates the magnitude of the PWM 

inverter cmmt output, & to foiiow a m t  onler drom the filter controls. This 

concept of tdrr~tllce-band switching control is best iiiustmted by Figure 3 3  on the 

n a  page. 



As can be seen above, dependhg on the present level of &ont in rela- 

tion to & (Le. the cufent order h m  the filter controls). GTO thyristor pairs 

Tl,= or T3,T4 are switched on to modulate the VSI bridge output voltage V,, 

to be between +Vdc and -Va, The poiarity changes in V,, thus iacreases or 

decieases to within the pre-specified tolerance band limits. 



The strattgy employed in the active filter conmis can roughiy be cate- 

gorised into two distinct approaches:- 

(1) When the Hter conml is designed to cancel out ail measur- 

able harmconics on the line, and 

(2) Where the active filter is only used to cancel out s e l d v e  

hamionics (usually the more troublesome ones). 

In referaces [2,171, the PWM conmller has been designed in such a 

way that t measrnes thefvll cornplment of hannoni' on the line @y subtractiag 

the fidamental h m  the measured ihe cumnt) and then forces the VSI to aadc 

the measund harmonic cunetlts by issuing the appropriate current orders. Tbis 

appmach eliminates exisring hannonics on the line; the down-side is that har- 

monic attenuation is only mediocre as the PWM has to work across a broad spec- 

tnim of fkquencies. 

In this thesis, a selectiwe h o n i c s  elimination appmach has baen 

taken whenby the active fdter is designedto remove only the more dominant (te. 

more troublt~~mc) hannonics âom the Une. AU higher order harmonies are left 



for the passive filtas to takc carc of. This contra1 strategy has been found to give a 

much better harrnonic attenuation at the chosen hquencies with only a srnail 

voltage source nquind 

The & filter conmis have been divided into two groups of control 

blocks: (1) h o n i c  current signal processing blocks and (2) PWM modulator 

and pulse logic control blocks. Both will be explaineci in -ter detaii in the fol- 

lowing Sections. 

The hatmonic amnt signal processing blocks are given in Figure 3.3. 

ln order to eliminate the haunonics, the magnitudes and phases of the hannonic 

cunents aad to be deteanined. Hem, the dc liw cumnt is maisurad and importecl 

into an FFI' block (available b m  the PSCAD components Li'bmy). The FFT 

block then pe&orms a F o e  anaiysis on the cunent signai and obtains its har- 

monic components in terms of theïr peak magnitudes (Ih) and phases (Ph). F m  

this information, cosine bctions are used to re-construct the 12th and 24th har- 

monic curent wavefonns. The two hannonic curmts are summed up and the 

&tant signal i w d  to form the pmlimimny teference cumat order. 



mvcrter sune & hold 

Next, the reference current signal is passed through a 'store and hold' 

function block. The 'SâEI' block is t h  PSCAD equivalent of a 'ring bunet' and 

introduces a 1.67ms delay into the control loop (which conesponds to one com- 

plete cycle of the 12th harmonie cuuent). This delay is purposely put into place to 

approximate the response of a real-time controiler whereby the processing of an 

input signal wiii inherently incur some time detay as the si@ traverses through 

the various control blocks in the systcm [lq. The resultant refrrarce cumnt 



order, refmcd to h a e  as & is then sent to the ncxt control goup for fiuther 

processing. 

Figure 3.4 on page 44 shows îhe PWM modulator and pulse conîrol 

logic bloch. As the name suggested, this second control group coasists of two 

diffkrent control ftnctions, (1) the PWM modulator, the bction of which is per- 

formed by a smell component d e d  the hysemis bq@w (or also called a hyster- 

ectic cornpmtor [17]), and (2) the pulse logic controlier. 

In Figure 3.4. the PWM inverter ciment Lt is initially compared to 

the reference cwnnt order to detemine the deviation of the former h m  the 

la- The em>r signal is thea fed into the hysteresis buf& component which con- 

trois the width of the switching tolerance band (der to Figun 3.2). The b s e r  

measuns the level of arot signai f d  into it and if the signal exceeds a user-speci- 

fied thmhold Zimit, the component then toggies its present logic level between 1 

and O (dependiag on whetha the crror signal bmched the upper or the lower 



thteshold k t ) .  In other words, the buget converts a real signal into a logic 

signal. Whüe the enw si@ is within the hysteresis zone (Le. within the thresh- 

old Mt) ,  the prrsent logic lm1 is mairitained mtil the next state transition takes 

place. 

The hysteresis ftmction of the b u f k  ais0 provides some fonn of noise 

imrnunity to the contmls in the smst that a state transition between logic levels 

cannot occur until the input signal to the block (Le. the cumnt m r  signal) has 

moved decidedly across the input thrrshold limit set by the user [16]. By changing 

the input threshold K t  withh this control block, the user can define the Gdth of 

the toletance band used in the switching scheme and subsequently the PWM 

inverter switchiag firecruency. 

Figrin 3.5 (a) on page 47 shows the actual wavefomi of E, in relation 

to &,* and dso the width of the bierance band specified in the hysteresis buffer. 

The output from the hysteresis bu&r is a pulsewidth modulated (PWM) signal 

which is used later to control the firing SeQuence of the GTO thyristor pairs in the 

active filter VSI (Figure 3.5 @), page 47). 



Figure 3.4 PWM modulatoc and pulse Iogic control 



The pulse logic controls an not involved in contmiiing the firing 

SeQuence of the thyristors but rather play an important role in preventing erratic 

switching of the GTO devices. The wntrols, made up of two 'honostab1ey' bufEers 

and their 8ssociated logic gates, are used to &tect the leading end traiiing edges of 

the PWM signal output âom the hyaemis bUgi and then, ifnecessacy, to condi- 

tion the signal befon it is sent to trimer the Gnis. 

In Figure 3.4, the nrst monostable unit raceives a PWM signal h m  the 

hysteresis buffer and upon sensing a leodng Bdge iu the signal, changes its stan 

fram O to 1. The 'high' state is then maintaiaed for a pre-defined tirne length of 

3Op s (a time step of 10p s has been used consistently throughout the simulation 

exmises in this thesis). This 30r s tirne delay is used to ensure that the maximum 

switchiag fkpency in each of the GTOs is no more than 1/30p s or 331rHz This 

b t  has been intentionally designeâ into the contmls to approximate the switch- 

ing fkequency characteristic of an IGBT [15]. Please refa to the switchhg wave- 

forms in Figure 3.5 (c) on page 48. The nrst monosiable output is then compared 

to the original PWM si@ using an OR-@te. 



In the second stage, the output signal fmm the previous stage is firstly 

invated beforc being fpd into the second monostable block. Thus, the leading 

edge âetected by this monostable block is a c W y  the hmling edge of the original 

PWM signal. As won as the 'leading edge' is detected, the monostable output 

goes 'high' and as befm, this logic state is maintaineci for at least 3 tirne steps 

long. The second monostable output is then inverted so that the indicated 'leading 

edge' wil l  now becorne, once again, the traüing edge of the signal. This signal is 

finally re-combined with the output h m  the first monostable stage in an AND- 

gate to give a reSuItant output PWM signai which wili produce a GTO firing 

Sequence with a maximum switching freqyency limited to 33lcHz. 

The actuai PSCAD wavefom showing the second monostable state 

transitions is given in Figure 3.5 (d) on page 48. An important thing to note here is 

that during the simulations &ne to ptoduce the waveforms given in Figure 3.5 (a)- 

(d), none of the outputs h m  the hysteresis bu&r component have state transi- 

tions that are l e s  than three time steps in length so the PWM signal output fkom 

the second monostable stage is in every way identical to the original PWM signal 

h m  the hysteresis buBa. As no state transitions have violated the user-defined 

length of three tirne steps, no signal conditionhg is necessary in this case. 



Finaiiy, die delayed and conditioned PWM signai is sent to initiate the 

proper firing SeQuence of the GTû thyristors in the VSI. 

100 105 110 115 126 

ri @CC.) XI o3 

Fi- 3 3  (a-b) Conîrol blocks signal wavefonns @art I) 



Figure 3 5  @ - d) Control blocks m'gd wav~fomis (paa II) 



Steady State and Transient 
Simulations 

lThe active Hter modeis developed in Chapter 3 have been 

tested in EMTDC by comecting them to the C .  W d c  Benchmark 

Model [If]. Two types of simulations have been performed and the results 

are preseated in this chapter: (1) steady state simulations, and (2) transient 

state simulations. 

Steady state simulations are conducteâ to ver@ the feasïbility 

of active filtering when applied ta the ac- and dc-side of an HVdc scheme. 

From these exercises, it is hoped to be able to predia the performance of 

the filter in tcmis of the magnitudes of harmonie currents or voltages that 

have been prevented h m  entering the ac system (for ac-side active filter) 

or the dc fine (&-si& filter). On the other hanci, transient simulations are 

pedormed to test the active filter controller stability when subjected to 



transient conditions such as a singîe- or a 3-phase huit on the ac iine. Simulation 

of these conditions wiil hclp in identifiling potentid problems (ifany) which may 

affect the pafonnanct of the active filter controiIer and hamionics filtering in gen- 

etai. 

1 .  dditioa, m e  shidy cases have been done to show the readers what 

happens when the systcm topology changes e-g. due to a shunt capacitor bank fail- 

ure on the ac system or when a change is made m the dc smoothing reactor sin.  

Furthennore, on the 8c-side a new circuit mode1 using a 3-phase PWM VSI feed- 

ing into a 3-phase transformer has been devdoped and tested to determineh fea- 

siiility and ttaasient responses. 

AU these simulation nms and test cases will, hopefuily, help us to 

better understand the workhgs of the active filter on both the ac- and dc-side of an 

HVdc system and to gauge the effectiveness of the fdter installation in preventing 

hamonics generated h m  the convertor station firom entering either the ac system 

or the dc trammision line. 



The ac-side active 6iter configuration has been detaiied m Chapter 3. 

In that configuration, each of tbe thcc phases on the ac h e  is connected to a shunt 

nlter unit through a high-pass nIta net~crodr which acts as the decoupikg ele- 

ment PSCAD draf$ of the Wdc system with the active filter units and the filter 

conml blocks an given m Appendix L and II. 

With respect to the original CIGRE benchmark model, the 11/13th 

double-ûmed passive filter banks which are normaiiy provided on such a system 

have beea remove& the sladc in the rractive powa availability h n  these filter 

banlrs is compensateci by i n d g  the shunt capacitor sizes accordingiy. With 

such arrangements, the active filter units are now tasked with the elimination of 

the 1 lth and 13th harmonie amen& on the line; ai I  higha order harrnonics are 

taken care of by the bigh-pas f i las .  



In the M y  state simulations, the Wdc is srarted in the PSCAD 

Runtixuem modde and dowed to nadi a steady state condition before the active 

mtet circuits are switched in at the t30-6s. 

Plots of the @eaL) magnitudes of the 1 lth and 13th harmoaic cune~lts 

plus 0 t h  importgnt quantities are acqiimd withh the Runtime module and 

importecl iato the PSCAD ~ u l t i ~ l o t ~  module for processing and obtaining hard- 

copy printouts. Most of the figures provideci in this chape an obtained fko'm the 

Multiplet module* 

Figuns 4.1 (a) a d  (b) on h e  next page show the level o f  reduction h 

the magnitudes of the 1 lth aad 13th hennonic cunents fe~pectively, on phase 'a' 

of the ac h e  before and after the active fdter imits are switched in at t 4 . 6 ~ ;  simi- 

lar riesults are obtaiaed fian the other phases. As can be seen, the 1 lth and 13th 

harmonic cments wnz active filtering are already quite low; the 1 lth harmonic 

curent, for ataniple, is measUrrd at only 4.0A despite the fact t h  the 1 l/l3th 

hannonic filters have ban mnoved h m  the system. This is, however, not 

surptising since the large shunt capacitor (10.027pF) on the ac b e  has provided 



much of the fltaiag for the 11th and hi+ order hannonics. In addition, the de- 

coupling nIta has also provideci some hannonic filtering in the system. in Figure 

4.1 (a), the active nIter has reduced the 1 lth hamOIUc nimnt magnitude on phase 

'a' down to amund 0.45A 

Figure 4- 1 (a) Magnitude of 1 lth hannonic amnt  

Figure 4.1 @) Magnitude of 13th barnianie cumnt 



The infiuence of the shunt capacïtors on the harmonic level in the ac 

system is dected in totai hanndc distortion (THD) measured on the current 

wavefonn (see T ' I e  4.1 below). The active filter is able to slightiy better the THD 

value by 0.05%. 

1 

1 THD = 1.070% 1 TED = 1.02W 

TabIe 4.1 Measiaed totai bannonic distortion (TEID) 

in the cmrcat wavcfonn h m  Figure 4.1 (f) 

However, as the HVdc converter reactive power requirement increases 

or decrrases, the shunt capacitor banks have to be switched in and out to cater for 

these changes and thus we expect the hannonic levels to change accordingiy. The 

application active filtering in this case will then erisure that whatever changes take 

place in the system topology, the amount of harmonies entering the ac system 

remaïns the same. This shaii be ïllustrated in Case Study # 1 later in this chapter. 

In addition, the active filter also provides some immunity against changes in the ac 

network frecruency. Figures 4.1 (c) and (d) show the active filter current output 

Lt in relation to the c-t referrnce orda & sent to the filter control circuit- 



As showq the mtasund SWifChing rrr<iuency of the PWM inverter is close to 17 

kHz and the speded tolerance band (Figure 4.1 (d)) is mund 30A mar the peak 

of the controlier curreat wavefoaa These resuits are consistent with those 

reportai by Rastogi, Mohan et.d [2 1. 

-1wN-r ------ taro- --- uPP=- 
1 

Figure 4.1 (c), (6) PWM controk cumnt in relation 
totberefehacecwwtordcr 

Next in Figures 4.1 (e) and (f), the phase 'a' cumnt wavefom are 

show11 to illustrate two important points: (1) the combination of the hi@-pas 

filter and the active filter is p v e n  to be effective in nmoving most of the 

hiumonics on the ac line, as mdicsted by the smooth cumnt waveform measured 



just ôeyond the harmonie filtcring point (Figure 4.1 (f)), and (2) the switching-in 

of the active filter at tmie e0.6~ has negligi'ble impact on the system as no curreat 

transients are noticeable in both waveforms. 

Figure 4.1 (e), (f) AC cmmit waveforms cm phase 'a' 

Fi- 4.1 (g) and (h) on the next page show the results of a Fourier 

anaiysis performed on the ac cumnt wavefomis âom Figures 4.1 (e) and (f), 

rrspectively. In the topmost plot, the system is shown to have a predominant 1 lth 

and 13th hamunics and also a signifiant amomt of 23rd and 25th harmonic cur- 



W. The combination of high-pas and active filtns is then show (in the bottom 

plot) to have successfùiiy remove most of the harmonies nom the line. 

Figure 4.1 (g), (&) Currtnt haunonics on phase 'a' bcfore and 
aftet application of passive and active fiitering 



In the previous section, the shunt capacitor banks have been show to 

impart a signi&ant Muence on the level of harmonic cunents on the ac iine. This 

case study will show the e f f i  of a reduction in the shunt capacitor size due to a 

capacitor Mure and how the active nItR can then lend support in preventing the 

increased cuant bainionics h m  entering the system. In this case study, the shunt 

capacitor values have ken nduced by 25% to 7.52@ and the steady state simula- 

tion repeated in the same mamer as descnbed in section 4.1.1. 

Figure 4.2 on the next page shows the reduction in the 1 lth harmonic 

current magnitude upon switching-in of the active filter. The current magnitude 

pnor to the application of active filtering is neady 9.2A and the fiiter is able to 

d u c e  this cinrrnt to 0.73A. As have been done previously, the THD is measured 

on the ac cumnt waveforms and the resuits are presented in Table 4.2 below. 

Table 4.2 Mcasurcd total hannanic distortion (THD) 

Active fllt,r - off 
THD= 1301% 

Acüve ûiter -on . 
TEID = 1.025% 



F i p  4.2 M&@t& of I lth hwmonïc cutrent 

W1th a 25% nduction in the shunt capacitor value, the THD as 

measureü on the ac current wavefonn has incr#tsed by approximately 21.5% 

compared to the 1.070?! TEID obtained in the previous section (see Table 4.1). 

The use of an active filter in this case has the effect of reducing the THD to amund 

1.025%; almost back to the same level as it has been with the full shunt capacitor 

banks in place. This simple exacise thus shows the flexibGty of the active filter to 

adapt to changes in the ac network - as quoted =lier in the introduction to this 

thesis. 



Transient simulations are conducted to evaluate the active filter con- 

tcolla action in rrsponse to system disturbances at start-up and also due to single- 

md 3-phase f8uits. This wiii gïve some indication as to how stable the contmller is 

and whether such âisturbces have any effect on the filter performance. 

In this part of the simulation, the Wdc system is Spvted with and with- 

out the active filter switchd in. This exercise is done in order to ascertain whether 

any u~ecessary disturbances is caused by the active filter operation which wii l  

then necessitate the use of a viable start-up procedure as suggested by Rastogi, 

Mohan, et. al. [2]. 

Figures 4.3 (a) and @) on the next page show a cornparison between 

the phase 'a' system curent wavefomis at system start-up under both conditions 

de~ctlibed above. The ament waveforms indicate that there are no obvious prob- 

lems associatecl with systun start-up with the active flter on and therefore it can 

be concluded th& at least in this paaidar system, no special start-up procedure 

needs to be employed. 



Figure 4.3 (a) System srarc-up with active fite off 

Figure 43 (b) S m  start-up with active filter on 

Throughout al1 the siagie- end 3-phase tests which wil i  be detailed in 

the foliowhg sections, the active filter is switched on at the starting point in the 

simulation nui and reniriins connectai to the system until the end of the test. In 

this section of the thesis, a single line-to-gmund (L-G) faut is applied to the phase 

'as of the systcm at tirne W.68 and for a duration of 5ûm.  



Figurie 4.4 (a) 1 lth hannonic cuaent magnitude 
foHowing a singît L-G fiiuit on phase 'a' 

Figure 4.4 (a) above shows the transients in the 1 l th barmonic current 

magnitude following the appiied L-G huit on phase 'a' and also the recovery 

period ther&ter. As illustrateci above, the active filter controiler is able to recover 

fiom the transient condition and continue with its task &et about 0.2s with no 

observable degradation in the hannonic filtering performance. (Note: ham. c m  

filtd = system hmnionic m t ,  harm. m. src. = converter hannonic current) 

Next, in Figure 4.4 (ô), the fltered ac current waveforms (i.e. the sys- 

teni ~ l e n t s )  indiate that during the first haW-cycIe fouowing the fault, a huge 

overcurrent nearly 10.SlrA in magnitude has occumd on phase 'a'. The overcur- 

rent condition persisteci during die next two cycles before the phase cum~t 

tenaaed to normsl as the fiuit is cleared at time W.65~. 



Figure 4.4 (b) Phase CUImlts miring L-G fault 

This section details the 3-phase L-G M t  simulations on the HVdc sys- 

tem d t s c r i  in the previous section Hem, a L-G f d t  is applîed on ai l  three 

phases on the ac line at time M . 6 s  for a duration of 50ms whiie the active filter is 

comlected to the systan. As mentioned eadier, each of the ac me is cornecteci to a 

sinde-phase PWM inverter tbrough a high-pass filter network acting as the 



decouphg element, Figure 4.5 (a) below shows the transients in the 1 lth har- 

monic cumnt magnitudes due to the appIied 3-phase &dt. 

Figure 4.5 (a) 1 ltb luwumic ct~icnt magnitudes 
fbîlowing a 3-phase M t  

Again hae, the active fiiter controllers are able to ncover k m  the 

severe 3-phase Mt approximately 0.15s after the fàuits are cleared No controiler 

instability is detectcd evea a f k  appiication of such a severe fhult thus iadicating 

the robust nam of the designcd controîs for the fûter. 



For this section, a 3-phose PWM voltage source inverter (VSI) fading 

into the ac line through a 3-phase 25: 1 isdaticm traasfomer rated at (3 x 280) kVA 

bas ken developed @O&: in the single-phase design, a 280 kVA transformer has 

been useci). AS usual, a high-pass filter oetwork bas been used as the &-couphg 

elemeat while the 11/13th film have beea removed h m  the ac line. The PSCAD 

drdk illustrating this new VSI cor&mîtion is shown in Appendix IlI. A simpli- 

fied diagram of the circuit is shown in Figure 4.6 on the next page. 

Comparing this circuit to the original ac-side active filter (Appendur I), 

we can see that the new circuit uses half the number of GTOs and diodes and a 

single 3-phase transformer instead of 3 separate single-phase ones. This new con- 

figuration obviously makes for a more compact filter design than the original sin- 

gle-phase circuit. 

The VSI works on the assumption that the three phase harmonic cur- 

rent inputs to the active filter controlla add up to zero. In 0th- words, it is 

assumeci here that thae is no zem-sequenct hannaaic current fi0Mng on the ac 

line - a valid deduction for a systmi with a W c e d  3-phase supply fiam the ac 



source. As such, it is interesthg to f d  out how such a filter contiguration per- 

fomis imda Ïdxhnce coaditim cm the synem; a condition which rnay occur, for 

example, due to an agymmctncai M t  on the iine (Le. a singIe-phase L-G Mt). 

Figure 4.6 3-pbase PWM volrage source inverter 



Figure 4.6 (a) 1 lth harmonie currcnt magnitudes 

Figure 4.6 (a) above illustrates the magnitudes of the 1 1 th harmonic 

king rrduced to amund 0.35A afta the active filters are switched in at 

thne Wl.6~. The achieved nduction m the Llth hatmonic c ~ e a t  magnitude con- 

fimis that under balaDced system condition, the 3-phase PWM VSI perfiocmance is 

at least on par with those obtained earlier ming the single-phase PWM circuit, 

Now, the same circuit is subjeçted to a single-phase L-G fault sirnilu 

to the one discussed earlicr in section 4.1.3.2. Figure 4.6 (b) then shows the 



magnitude of the 1 lth harmonic curnnt on the h e  before the appüed fadt and 

durhg the recovery paid 

The plots above prove that the transient hannonic currents on the two 

unfkulted pheses are not as ôad as expcted Mder such imbaiance condition. 

Aithough the single-phase hnilt has caused some degradation in the nItering 

performance on the 0 t h ~ ~  two phases, the active filter is st i l i  capable of correcthg 

itselfas soon as the huit is cl& h m  the line. In addition, no adverse transient 

ovemmmts are prrseat on the two untkulted lines. 



4.2 Dc-side Active Füter Simplrtions 

The dc-side active tilter configuration has also been explainecl in daail 

in the @OU chapta. In the configuration dictated in Chapter 3, the active filter 

unit is connected to the dc line thtough a double-tuned 12/24 passive filter net- 

work which acts as the &-couphg element However, as shown through the 

stegdy state calcuiations paformed in Chapter 2, the dc-side active liltering only 

requins an isolation trcinsformer rated to 8.9kVk A turas ratio of 10: 1 has been 

chosen for this tratlsfonner to pmvide enough current output fiom the PWM 

inverter to match the dc hannonic cuneats to be eliminated. 

With reference to the original CIGRE HVdc benchmark model used as 

the test systern in this thesis, a few parametnc adj~~bllents have to be made to this 

model to fâcilitate the &-side simulations- The CIGRE model design is a c W y  

baseci on a reai HVdc scheme which comections aie via long dc cables and as 

such, the huge cable capacitance have made redundant the need for füters to be 

installai on the dc side. Therefore, the & line parameters have been modined to 

approximate a long overhead dc trarismission line while two 400mH snoothing 

reactor have been installai at both ends of the line. The PSCAD ciraAs showing 

the dc-side active filter installations and the filter controls a n  be found in 



Appendix IV and V. Pltase note that active fltering is only pmvided on the recti- 

fiet side of the systcm; no hamonic nItamg is applied on the inverter side of the 

dc line. 

In this part of the thesis, only steady state simulation nuis have been 

conducmi. Fauits on the ac si& of the system is normaily dedt with by the Wdc 

converter controis which b i t s  the converter operation and pments much of the 

transient energy assdciated with such occumnces h m  propagating into the dc 

side of the system. For dc line hults, the converter controls will n o d y  revert to 

a spocial mode of operation calleci "force-retarding" [6, pg. 1741 which is designeci 

to dissipate the energy fiom the fàuit transieots. Thus, it is assumeci that any 

occwrences of fàuit on either the ac- or the dc-side will not badly affect the active 

filter controls. 

The dc-side active tilter controls have been designed to elirninate oniy 

the 12th and 24th harmonie cuuents - the two king the more prominent b o n -  

ics on the dc side. In the case study for this section ofthe thesis, the rectifier-side 

dc smoothing té8ctor size is reduced by as much as 5û%, thus increasing the dc 

hsvmonic mrents and consequently the work load imposeci on the active filter cir- 

mit. The active filter pafonnance unda such condition is thm investigated. 



4.2. I St@ State Simulatio~~~ 

Figracs 4.7 (a) and (b) show the reàuction in the magnitudes of the 

12th and 24th hrvmonic amen& due to active filtering applied at time Hl.6~. 

(Note: hana CUIT. Ntd = dc line h o n i c  cumnt, harm current (REC) = mch~er 

h o n i c  cum?nt) 

Figure 4.7 (a) and (b) Magnibdts of the 12th and 24th 
haunonic currcnts. 

The magnitudes of the 12th and 24th hannonic currients on the dc Line 

before the application of active filtning are 13.6A and 1.75A, rrspactively. The 



use ofa 12/24 double-hmed passive filter as a de-couplhg element has given an 

added knent of @&y removing some of the i2th and 24th hannonic currents 

60m the iine. The mîtchhg in of the active filter then duces the harmonics to 

around 0.6A (12th) and 0.16A (24th). Table 4.3 below gives the 12th and 24th haro 

monic cumnt xnagnitudes as a percentage of the rated dc h e  curcent of 2kk 

Humonic ccvnnb as 8 percentmge of the 
nted dc Ilnt canent 

Table 43 12th and 24tù haunonic currcnt magnitudes as 

a perccntage of the ratccl dc cunent 

12 

The findings above can be confmned tbrough a Fourier d y s i s  on the 

dc curent wavefom, the nsult of which is shown in Figure 4.7 (c) on the next 

page. Note that the dc cumnt contains a srnail amount of fht and second order 

harmonics. These hamioriics an, however, not significant enough to be of any 

problem on the dc iine and are thus Ieft untreated in the present case. 

Active mter - off 
0.68% 

Active fUkr = on 
0.03% 



Figure 4-7 (c) Fourier analysis on the dc Line cumnt 

4.2.2 Case Snuly # 3: Reduction in the DC Smwthing Reactor 

Smoothing reactors are instailed on the dc iine to remove some of the 

dc -les pduced by the HVdc converter thyristor firing. The same hction cm 

be pedormed by an active filter and thus, in WC schemes where a dc-side active 

mter has been proposed, the sizc of the smoothing reactor is usually duced by 

50% for economic -m. 



The aim of this case study is therefore to investigate the active filter 

perfomiance under such a pmposal. As the staauig point, the smoothing nactor 

on the rectifier si& of the Wdc c o n v w  has been d u c d  to 200mW. Figures 

4.8 (a) and (b) below show the incrresed magnitudes of the 12th and 24th haro 

monic curzents on the dc line and the reductions acbieved by active filtering. 

Fi- 4.8 (a) sad (ô) Uagnitudes of the 12th and 24th 
hmonic curricnts 

The plots above show that the application of active filtering has been 

successfbl in nducing the 12th and 24th harmonic cmnts to 0.62A and O. l47A 



respective@. The hmmonics have effkctively been reduced to the same level as 

achieved pteviously in section 4.2.1 with the original smoothuig rractor size of 

4ûûmH, despite the fiict that the uditered level ofbannonics on the dc line bave 

increaseâ by hast 4û%. Therefore, the iiistallation of an active nItet unit on the 

dc line bas enabled us to d u c e  the dc smmthiag reactor size considerably with- 

out increasing the level of batmonic cummts entering the dc transmission Line. 

In view of the amount of iriformation preseated in this chapter, it is 

only pmdent tbat the chapter be concluded with a brief surnmary of the results 

obtained thus far: 

On the ac-side, the active filter has been proven to be efféctive even when the 

system is subjected to a 25% reduction in the shunt capacitor values which 

efféctively increzists the ac hannonic c m t s  by more than 20%. 

Opcration of the filter controls remains stable under single and 3-phase L-G 

fBults on the ac lint. The 6üter controis have been able to resume normal fiîter- 

hg operation in under 0.2s following the clearkig of the fauit. 



The 3-phase PWM circuit dmlaped in section 4. I.3.4 has becn shown to per- 

fomi weli under an asymmctricai huit on the ac line. Although the filtering 

performance on the MEnitcd lincs is affécted by the single-phase fault, this has 

not lead to unstable nIta operation on the whole. The 3-phase configuration 

has the advantages of king more compact in design and also requiring Less 

numbcr of c o q n e n t s  compareci to singie-phase active filtem. 

On the dc-side, the use of an active filter has d e  it possible to reduce the size 

of the dc smoothing nxctor by as much as 50% without compromising on the 

harmonic filtering pedommce on the dc he. The active filter has performed 

weil despite the k t  that the dc harmonies in the system has increased by 

almost 40%. 



Active Filter Installation 
in a Capacitor 

Commutated ConveHer (C'CC) 

In the prewious chapter, it has been shown in the ac-side active 

filter application that the passive fdter banlcS which are n o d y  installed 

on the line can be nmoved altogether; their functioas are then tak'over 

by active 61ters. Nevertheless, the amount of reactive power that these fil- 

ter banks provide obviously has to be compensated and this entails the 

need to increase the size of the shunt capacitors. Hence, the economic 

savings @ned fiam the &don in the passive filter banks are then lost to 

the hcnased size of the shunt capacitors. 

In ment years, a new type of HVdc converter scheme cailed 

the Capiicitor Commutated Converter (CCC) has been introduced by ABB 

and this new concept in ac-dc conversion seems poised to take advantage 

of the beneh provided by the active filter technology [5]. The phciples 



behind the CCC wiii not be discussed h e n  as they are beyond the scope of the the- 

sis. NevertheIess, readets di &id excellent background and theoreticai analysis 

ofthe CCC concept pmvided in published papers by Reeves, et. al. [12] and Gole, 

et. aL [13]. Sufnce to say here tbt, uniilce the conventional M c  converter which 

d v e  power consumption amounts to about 0.5 pu @er unit) of the active 

powa, the CCC concept (as pmposed by ABB) d e s  use of the commutation 

the load of the Wdc converter. As such, minmial reactive powa is required âom 

the ac system and therefore the shunt capacitor banks can be eIiminated. The d 

mctive powa consumption by the converter can be compensated merely t h u g h  

the reactive power generation of the passive ac filter banks. 

commutation 



Unda such circumstances, the use of an active filter on the ac-side of 

the system has its economic advantages in the sense tbst the passive nIm netwodr 

used as the ddc-~oupliag elunent for the active fiiter unit c m  then be designed to 

produce the requind reactive power compensation for the system while the active 

filter mit bears the buden of elimmatiog the ac-side hannonic currents. Cost 

savings are then nalised in the fomi of rrduced convata station area rquÛement 

and the equally duced complexity of the mter installation, The d e r  shunt 

Htns wiIi aiso dccrease sigdicantly the load rejectim ovmraltage on the ac-side 

of the HVdc converter in the event of a thyristor commutation fiailure [5,6, p. 1861. 

In this chapta, a simpti6ied circuit of the CCC developed by my col- 

league, Mk A.H. EEasbnn for the preliminary work on his Masters thesis has been 

used to gauge the feas1Miity and performance of an ac-side active filter installation 

within the CCC scheme 1141. The PSCAD maft of this circuit is presented in 

Appendix VI. Note that detaiied active @ter c o & ~ t i o n  has been shown ody on 

phase 'c'; the flters on the other phases are smipfy represented using block dia- 

grams. The active filter unit in this partidar exercise is connected to the ac sys- 

tem via a high-pas filter network which acts as the de-coupling elanent and also 

pvides the small amount of teactive powa compsation rrquind by the HVdc 

convertec 1t shouid be noted hae that the CCC &valent circuit has becn modo 



eîied only as a &pulse converter and thentore, the dominant ac-side hannonics, 

according to eqyation (1.2) in Chapter 1, are the 5th and 7th. 

T-g this into considcration, the filter controis have been m&ed to 

eliminate the 5th and 7th hannonic amen& as weii as the 1 lth and 13th, as have 

been done pmdousLy. Persson et. ai. [5] have mentioned in their paper bi t  the 

CCC produces np to 2W more harmonies compareci to the conventional HVdc 

converter and therefore, the rating of the active filter isolation transformer has 

ban increased proportiodly to match the increased hannonics and woddoad 

imposed by the 5th and 7th haunonic curtetlts elhination. 

5.1 Steady State Simaidon 

Steady state simulations not too dissimilar to the ones detailed in the 

pmious chapter have been tepeated in this section to determiae the active filter 

@ormance in eliminating the 5th. 7th. 1 1 th and 13th harmonie cments on the ac 

line. Figures 5.1 (a) - (d) on the next page iliusûate the hamonic nonict reduc- 

tions on the line when tbe active filter &cuit is switched in at time i ~ û . 6 ~ .  The 

saady state hannonic cwcnts have ban m e a d  to k between 360A (5th) and 



88A (13th) and the actm Nter has thm ken able to remEce them to between 8.5A 

and 5.1 SA, rrspeaively. 

Fi- 5.1 (a) - (d) M- of tht 5th, 7t4 l lth a d  
13tb hmmanic mrtnts- 



The hoge ndu*icm in the hannonic crurent contents on the ac ihe is 

c l d y  d d  in the phse  'a' ciimnt wavefonn shown in Figure 5 2  below. The 

wavefonn aAa the active filter has ôeen switched on appears to be more sinusoi- 

dai, albeit having slight transicnts due to the PWM mïtching. 

îhe ciirrent transien& are more apparent now as the PWM inverter cur- 

rent kjeaion has been increased to cornpensate for the increased harmonic cur- 

r a t s  on the ac iine. 

Figures 5.2 Phase 'a' curent wavefomi 



Figum 5.3 (a) and (b) below show the resuits of a Fouria Aiialysis on 

the curreat wavef- fiom the prwious page. At a glance, it is evident that the 

four dominant hannanics on the ac line have ken successfuly nmoved by the 

active filter. The other higher orda hannwics, for example the 17th and the 19th 

which are somewhat sigdicant in the q t  system, can eesiiy be included in 

the active fiiter controls, ifsuch actions are deemed necessary. As mentioned 

eariier in the introductory chapter to this thesis, such m&cations to the Iilter 

controls are mostiy software-based and therefm wiii not inan signifiant k- 

cial constraints on the part of the powa a t y .  



Conclusions 

First and foremost, detailed PSCAD- models of the 

'hybnd-active' filters for both the ac- and dc-nde of an Wdc scheme have 

been deve1oped Although the PWM-baseâ VSI has beea modelled &ing 

GTO thyristors, IGBT switching characteristics have been designed into 

the filter controis to give a more practicai feel to the rnodels. Signal 

p~ocessing delays have aiso ken incorporatecl into the fdter controller 

desigp to simulate the dehys in real t h e  conttoliers. The active filter isola- 

tion transfoonna has ais0 ban given special attention since it is felt that the 

cost of the transformerimit itseifd, in the end, dictate the overd cost of 

such filter ïnstaüations. The transformer has been designed to be as smail 

as possible yet capable of pviding the VSI with enough curent injection 

to satisfâctorily cancel out hannonic c m t s  on the ac or & line. 



The modeis have then been integrated withul the CIGRE HV& Bench- 

marL Model using propcrly designed de-couphg elements, to evahiate their 

effectiveries in reducing hrvmonic currents in the system and also to test the 

active füter controiier zicsponses to transient conditions typid to such an HVdc 

scheme. 

Next, steady state and transient simulations have been perfonned on 

the CIGRE HVdc Benchmstk Model with active filters iastalled on the ac- and 

then the dc-side of the systan. The simulation d t s  can be sumrmuised as 

follows: 

The ac-side active filter has been proven to perfonn satisfactorily even 

when the ac shunt capacitors are reduced by as much as 25%. Although 

under such circumstances the ac hannonics have been found to have 

hcreased by as much as ZOO!, no degradation in active filtering perform- 

ance has been noticed 

Opaations of the active filter conaols have been observed to be stable 

under sevae single aud 3-phase fada on the ac line. Under those condi- 

tions, the filter controis have been able to nsume normal filtering operation 

af€er 0.2s following the clearing of the fiiuit, 



hstalîation of the dc-side active filta has made it possible to d u c e  the 

Sue of the dc smmthing rractor by as much as 50% without increasing the 

level of hasmonic cinrrat enterkg the dc line. The active füter has been 

shown to perfonn quite weii dcspite the fact that the dc harmonies have 

then incrwiJed by alrnost 40%. 

In Chapter 5, an investigation into the feasibility and @ormance of 

an ac-side active filter installation within the Capacitor Commutated Converter 

(CCC) Wdc scheme has been d e d  out For this exercise, a simple equivaient 

circuit of the CCC based on the design proposeci by ABB has been useci. Again, 

the active flters has been shown to be effective in eliminating a signikant amount 

of ac harmonic current fnnn the line. This has been achieved despite the fact that 

the CCC design is widely hown to generate as much as 20% more harmonies 

compared to a conventionai Wdc converter. In addition, the de-coupling filter 

used in the active filter coafiguration can k re-designed to aiso provide the mini- 

mum raquircd reactive power compensation for the CCC, therefore eliminating 

the need to install additional passive filters on the system. Using this approach, 

cost savings can be fealised in the form of duced converter station area require- 

ment and the eqpaîly reduced compltxity of the 61ter installation. 



6.1 Recoaimendatioas for Fprther Work on Active Filters 

Firstiy, the active filter controls c m  be improved fiirther to include, for 

example, supenOsory and protective bctions such as those proposed by Sadek, 

et. al. Cl]. This dl, for cxaniple, monitof the state of the PWM switching devices 

and initiate an automatic filter shutdown shouid an IGBT device failtue be 

detected which, invaciably, will lead to incorrect switching sequences in the VSI. 

Another contml strategy which has not been looked at in this thesis but 

is nevertheless very practid, involves the meaSuTemat of the iine voltage and 

processing it in such a way as to malce the active fdter appears WEe a substantiialy 

resistive impedance at the chosen fkquencies, thus pmviding positive damping to 

the system [1,10]. 

With regards to the 3-phase PWM inverter developed in Cbapter 4, 

Raju, Venkata et. al. [18] have pmposed the use of a capacitor to replace the dc 

source used in the VSI. This may be possible provided the VSI is properly 

designed to allow a mail active power flow into the circuit to maintain enough 

voltage amss the inverter capacitor. This constant voltage is neces- for the 

capacitot to pIoduce and sustain the nquind current injection into the ac line. 
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APPENDIX II: AC-Side Active Filter Contmls 
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APPENDIX III : %phase PWM Inverter 







APPENOW VI : Capacitor Commubted Converter (CCC) 




