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ABSTRACT 

This research work examines how the presently available gate-turn-off 

thyri~,tors (GTOs), which are still relatively slow, may be used in force-eommutated 

High Voltage Direct Current transmission (HYDe) and Statie Var Compensation 

(SYC) converter!:! by employing series and/or parailel connected multi-converter 

modules in eonjunction with a phase-shifting princip le which cancels the undesirable 

~Wllching harmonics. It points to the advantages of incorporating the well-known 

Si nll~oidal Pulse Width Modulation (SPWM) technique because it enables feedback 

control, active fiItering and regulatory functions to be performed by the converters. 

This b because a rea~onable bandwidth of the modulating signal is transmitted by the 

mulli-converter station in spite of the low switching rates of the GTO valves . 
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RÉSUlVlÉ 

Ce travail de recherche examine comment les GTO disponibles plé:'l'l1t~l11l'lll, 

qui sont encore relativement lents, peuvent être utilisés pour la transmb~i()n haute 

tension en courant continu en commutation forcée et pour les convertiss\..urs SV(' l'Il 

employant des modules multi-convertisseur branchés en série et/ou en parallèle l'Il 

conjonction avec un principe de changement de phase qui annule :e~ halllHJniquc:-, 

de commutation indésirables. Il indique les avantag~s J'incorporer la tt'chnique bic Il 

connue de modulation sinusoïdale de la largeur d'impulsion parce qu'elle pelllle! 1111 

contrôle en boucle fermée, une filtration active et des fonctions rcgulatricc,> qlll '>(JlIl 

accomplies par les convertisseurs. Cela provient du fait qu'une largeur d'ollde 

raisonnable du signal modulé est transmise par la station multi-col1vcrtb~elll èn dépit 

du faible taux de commutation des valves GTO . 
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CHAPTER 1 

INTRODUCTION 

The valves in the conveners of the proposed PWM (Pulse Width Modulation) 

- HVDC (High Voltage Direct Current transmission) [1-8], the shunt-type PWM-SVC 

(Statie Var Compensation) [9-12], the series-type PWM-SVC [13-15], will consbt of 

gate-tum-off (GTO) thyristors which are connected in series and/or in pamllel in 

order ta attain the high MVA ratings. This technique can be supplemented by 

connecting modules of the P\VM-converters in series and/or in parullel [lll]. In Rer. 

[17], it is pointed out that the necessity for the mul tiple-collverter module 

connections can be tumed into an advantage. By phase-shifting the ~witcl1ing in.,tanl~ 

of the valves in the different modules, the effect of very high frequenc)' switching is 

created even though the switching rate of the individual valve is low. This method 

enables the available GTOs, which are still relatively slow, to be employcd. With the 

reduced switching frequency, the switching loss ceases ta be a seriou~ problcm. 

Further research in active snubber circuits can improve the efticiency further. 

The method of phase-shifting multi-converter module~ to c1iminatc ~witchil1g 

harmonies is already in use in the shunt OTO-SVC [9, 10] and in the CiTO Power 

Conditioner [18]. This research work makes further contribution to the cxi~ting 

knowledge by presenting the results of applying this method to one c1as\ of the PWM 

techniques: namely the Sinusoidal Pulse Width Modulation (SPWM) [19]. The 

SPWM technique is widely known in the literature of power electronic~ and 
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furthermore, it rests on soIid analytical foundations based on the Double Fourier 

Serie~ [20]. However, there remains the unexplored territory which has not been 

covered previously because the requirements of the HVdc or the SVC station are 

di [fcrent from those of the Industry Applications Society and the Industrial Electronic 

Society. The new problems are posed as follows: (1) For the high power GTO 

valvc!'. to operate efficiently, the ratio of the triangular carrier frequency, Kc, to the 

sinu~()J(Jal modulating frequency, Km' has to be as low as (Kc/Km) = 2, 3, 4 .... For 

somc of the low ratios, the sarnpling theorem is transgressed. (2) And yet, the P\VM­

converter station~ have been vaunted as being capable of fulfilling diverse "dynamic' 

dutie!'. such as: (a) regulation of dc voltage or of real ae power and/or reactive ac 

power, (b) active fiItering, (e) stabilization and dynamic performance enhancement 

of the !'ystem. Do the P\VM-converter stations have the bandwidth to convey the 

necessary input control information when the GTOs are switching at the low rates? 

An important conclusion of Chapter 2 is that when Nm converter modules are 

operated with the phase shifting technique, the equivalent carrier frequency becomes 

NJ/lKc' In consequence, the "dynamic" duties can be fulfilled by making Nm large even 

though the individual cOl1verter module operates with a low value of (Kc/K,/l)' 

It is li scfu 1 to be reminded that the bipole thyristor HVde station consists of 

-+ eonverter modules connected in series. In addition, the phase shifting technique 

is alrcady applied in eliminating the 6th harmonie on the dc side. Whereas the phase 

shifts arc obtaincd through the transformer connections in the line-commutated 

H V de. in the force-commutated converters the phase shifts are obtained simply by 

11 



• delaying the triggering of the valves. 

Section 2-1 describes the implementation of the Sinusoidal P\Vi\ 1 Stratcgy 

using the multi-converterjphase-shifting concept. Section 2-2 presents the propertie~ 

of SPWM for the single phase converter and the single-phase l11ulti-col1"crters. 

Section 2-3 presents the results for a 3-phase converter station. The ~tudy c(}l1~iLk~r~ 

the factors which determine the sizing of the valves and the ability to mect klIlll()!1IC 

standards. 

Chapter 3 is a feasibility study of the senes connection. For the "'~llè'" 

connection ta build up adequate de voltage withstand, it is necessary 10 en!>ure thal 

the voltage stresses are equally distributed in the valves and the diode~. The pa!>..,ivc 

circuits which are norrnally used for voltage equalization contribute to lo!>:-.c!>. For thi~ 

reason, the controllabilitv of the individual modules should enable the de voILa!!,c:-. . ~ 

across the de link capacitors C ta be equalized by local feedback. In this rl'!>cal ch, 

the capability of active local feedback equalization of the voltage i~ aS!>lIl11ed. 

Chapter 3 concentrates on the potential difficulty that the de link eapacitor C 

may have to be very large so as to be able to filter out the low harmonie ripple.., in 

the dc link voltage, Ver This is because the existing harmonic eliminutioll principle 

[16, 25] requires that the dc link voltages ta be aIl ripple-free and equul. Thi.., ha.., not 

been a problem in the parallel-connected converter module~ [9, 17, 24, 25] IJccall~c 

their de link currents meet at two common node..,. Thus the low har Illonie 

components of their dc currents have been self-cancelling ~o that the de 11111\ 

capacitor has been economically small. The concern of this re~earch b whether the 

• 12 
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Total Harmonie Distortion limits (THD) for voltages can be met for the low KrI~1I 

ratio,', when economic size capacitors are used. 

The happy conclusion of Chapter 3 is that the de link voltage of the individu al 

converter module ean contain signifieant harmonies so that an economic size 

capacitor is adequate. Harmonie eliminations by cancellations do take place on bath 

the ac side voltages and dc side voltages thus yielding high quality ac and de resultant 

voltage waveforms. 

This surprising conclusion shows that the theoretieal base of harmonie 

elimination in Ref. [17, 24, 25] is not sufficiently comprehensive. The harmonie 

elimination appears to be a property of the symmetrical phase shifting of the 

triangular carriers signaIs. The comprehensive theory has still ta be worked out. 

This research work is based on digital simulations. The number of converter 

modules connected in series is Nm =8. The dc link voltage is about 32KV or 96KV 

depending on whether the valve is made up of 1 GTO or 3 GTOs in series. The 

Total Harmonie Distortion (THD) limit for voltage in the 2.3 - 69KV range is 5% 

[19]. Future stuùy will eonsider the higher dc voltage rating . 

13 
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CHAPTER II 

PARALLEL CONNECTED MULTI-CONVERTERS 

2-1 SPWM MULTI-CONVERTERS 

Fig.2-1 shows the voltage-source, 3-phase bridge converter which forms the 

basic module. The triggering of the valves, in the a-phase of the bridge say, is baseo 

on the relationship of the modulating signal Smalt) and its triangular carrier signal 

Sealt} as illustrated in Fig.2-2(a). The valves of the same phase operate in the 

complementary manner: the Upper valve is ON when the Lower valve is OFF, ano 

vice-versa. The states of the valves are described by the switch function Swa/tJ which 

is illustrated in Fig.2-2(b). The switch function takes on either of two valucs: 

Swait)=+l 
Swait) =-1 

for Sl'IUlit»Se4,(t) 
for Sl'IUlit)<Sca,(t) 

The terminal voltage on the ac side of the converter of Fig.2-1 is: 

(2-1) 

(2-2) 

Ve is the de link voltage and VN is an unknown voltage which fluctuates aceording to 

the switching states of aIl the valves. VN can be solved by assembling the circuit 

theory equations of the converter network and by imposing the eonstraints de~cribing 

the physics of the problem. 

The attractiveness of the SPWM strategy lies in the faet that the spectrum of 
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the switehing function Sw(t) eontains the spectrum of the modulating waveform Sm(t) 

together with the harmonies of the carriers and the upper and the lower sidebands 

[19, 20]. 

Matrix of Converter Modules 

1 t is envisaged that for high power applications, a matrix of identical converter 

modules as shown in Fig.2-3 is required to build up the voltage ratings by the N v 

rows ln series and the current ratings by tbe Ne columns in paralle!. 

Phase Shifting of Triangular Carrier 

Instead of switching the valves in tbe Nm = Ne x N v modules in unison, the 

effect of a high sampling rate can be achieved by staggering the s\vitching instants of 

the valves in the individual modules [3, 17]. The method, which is ad"ocated here, 

consbts of dividing the period of the triangular carrier by N,II and assigning each 

module with a phase delay 0SII) = 21TjKm /(NmKC>, j = 1,2 ... N,II as shown in Fig.2-5. 

The routing of the modulating signaIs of the 3 phases and the carrier signaIs is 

ilIu~trated in Fig.2-4. AlI the SPWM boxes (which determines the s\vltching logic) 

rcccive identical modllIating signaIs of the 3 phases. The triangllbr carrier signal is 

produced by a triangle waveform template which is read from the EPROM for the 

jth module. The contents in the carrier waveform EPROMs differ from each other 

17 
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by the phase shifts, 8s111, j = 1, 2, ... Nm• The EPROMs are aIl addressed by the 

~ame counter signal. 

2·2 PROPERTIES OF SINGLE PHASE SPWM 

This section begins by presenting the properties of SPWM from the familiar 

situation of a high (Kc/K11I) ratio of 21 and then descends to the candidates for GTO 

applications where (Kc/Km) = 2, 3, 4 .... At su ch low ratios, the carriers and the 

~idebands abound in the low order harmonies. Worse still, they interfere with the 

rnodulating signal and even create the dc voltage component. 

It is shown that by phase shifting the triangular carriers of the multi-converter 

modules as illustrated in Fig.2-5 many of the carriers and the sidebands ean be 

eliminated. The theoretical principle of harmonie cancellations has been 

dcmonstrated in Ref. [17]. 

Finally, it remains to show that: (1) the magnitude of the modulating signal 

exercbes linear control. (2) the Total Harmonies Distortion in the Voltage is 

~llb~tantially eon~tant as the Modulation Index is varied. (3) the modulating signal 

\\'aveform can occupy a reasonable frequency bandwidth. 

2·2·1 INDIVlDVAL IVIODULES 

ln the harmonie spectra presented here, the Fourier Series base is cho~en tG 
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be the period of the modulating signal. Thus M = 1 corresponds ta the frequèI1cy nI' 

Righ Frequency Carrier SPWM (Kc/Km) = 21 

The speetrum in Fig.2-6 for (Kc !K,") = 21 of the waveform of Fig .2-~( h) 

shows that the harmonies consist of [19, 20]: 

(1) M = 1, the amplified modulating signal 

(2) M = (Kc/Km), 3(K("/~,,), 5(Kc/Kn,). .. , the carrier harmonies al odd I11Ulllpk 

of (Kc/Km) 

upper and lower side band 

M = 2(Kc/Km) ± 1,2(Kc//(,,,) ± 2, 

etc. 

Law FreQuencv Carrier SPWM (KrlK,,,) = 2 

harmonies 

The spectrum for the case (Kc/Km) = 2 in Fig.2-7 ~h()w,> the ul1dL'"i,:!ll!t: 

presence of the de component, which arises from the lowcr ~idchalld,.\1 -= (/{, //\111) -

2. Although this component can be eliminated by the multi-col1verter pll:I'>(; <,hJlllllg 

technique, (Kc/~II = 2) cannat be used because the de voltage in cach I/HIIV/(b/:I! 

conwrter gives rise ta very large ramp currents . 
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The ~pectrum for the case (Kc /Km) = 3 in Fig.2-8 shows the switching 

harmonies at M = (Kc/Km) = 3. The first upper sideband harmonie M = (Kc/~II) 

+ 2 = 5 is evident. The lower sideband, M = (Kc/Km) - 2 = 1, is inc1uded with the 

modulating signal M = Km = 1. 

The pattern of the remaining significant harmonics are the sarne as described 

in conjunction with Fig.2-6 for the case (Kc/~n) = 21. However, because (Kc/~II) 

is small, the upper sidebands of one integral multiple of (Kc/Km) are mixed up with 

the lower sidebands of the next set. As there is no average compone nt, (Kc/~II) = 

3 is an acceptable candidate. 

The dc component is present for (Kc /~11) = 4 50 that this ratio cannot be 

lIseJ. 

The de voltage component is not present for (Kc /~II) > 4 . 
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2-2-2 MULTIPLE MODULES 

Fig.2-9(a) and (b) show respectively the output voltage waveform and the 

spectrum of Nm (= 7) converters when the phase shifting technique is implemented. 

One sees that the large low arder harmonics in Fig.2-8 are eliminated by the phase 

~hifting technique. 

The signal/noise ratio of Fig.2-9(b) is superior to that of Fig.2-6, (Kc/K"J = 

21, Nm = 1 even though both have èomparable switching rates. 

Modulation Index 

The Modulation Index or M.I. is defined [19] as the ratio of the amplitude of 

the modulating signal Sma/t) in Fig.2-2(a) ta the amplitude of the triangular carrier 

~igl1al Seo/t}. Fig.2-10 and 2-11 plot the fundamental harmonie eomponent of Fig.Z-

2(h) (for (Kc/K,,,) = 21, Nm = 1) and of Fig.2-9(a) (for (Kc/~II) = 3, Nm = 7) as a 

fllIlction of the Modulation Index (M.!.). From the straight line relationship. one 

concllldcs that there is a good chance that linear feedback can be implemented by 

u~ing the magnitude of the modulating signal as a lever of control. In Fig.2-4, this 

magnitude control is V,lIod' which is multiplied electronically to the outputs of A, B 

and C·phase EPROMs which contain the balanced 3-phase sinusoidal waveforms 
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Fig.2-9 Harmonie Spectrum. Single Phase (Kc/Km) = 3, Nm=? 
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Total Harmonie Distortion 

Fig.2-10 and 2-11 also show the Total Harmonie Distortion (THD) as a 

[ul1ction of the Modulation Index. The THD is per-unitized with respect to the 

fundamental harmonie eomponent Hl evaluated at M.I. = 1.0. 

l [YZ2 THD = - x L HM 
Hl M=2 

(2-3) 

The THD of Fig.2-11 is significantly lower than in Fig.2-10. Fig.2-11 has the 

desirable feature that the THD remains relatively insensitive to M.I. variation. 

Modlllating Signal Bandwidth 

The question asked next is wh ether the phase-shifting technique of the se 

slowly switching individual eonverter modules is capable of amplifying the modularing 

signal which oecupies a reasonable bandwidth, and not just for the single frequency 

of Fig.2-11. In answering this question, an impulse response test is used. Fig.2-12( a) 

shows a modulating signal which is a periodic series of alternating impulses, 

• truncated at the 7th Fourier Series component. Fig.2-12(a) depicts the modulating 
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(a) Phase shifting technique applied ta alternating 
impulse function truncated at 7th harmonie 
(b) SPWM waveforms of Nm (= 7) converters switching at 
(Kc/Km) =3 
(c) Summation of voltages of Nm (= 7) eonverters 
(d) Current waveform of inductive load 
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signal, which is expressed in Fourier Series as: 

7 

S."'t)=O.225 L cos(Mwt) 
M-l,3. 

(2--1-) 

being triangulated by 7 phase-shifted carrier signaIs which produce 7 sets of square-

waveforms as shown in Fig.2-12(b). Their sum is shown in Fig.2-12( c) whil:h 

resembles the modulating signal in Fig.2-12(a). Fig.2-12( li) depicts the CUI rellt 

flowing through an inductive load with the waveform of Fig.2-rz(c) as the applkd 

voltage. One recognizes Fig.2-12(d) as an approximation of a square wave bascd on 

truncating its Fourier series representation at the 7th harmonie. Fig.2-1:2( <.1) i ... 

obtained by integrating the waveform of Fig.2-12( c). Fig.2-12(d) shows in a vcry 

convincing way that the bandwidth extends to the 7th harmonie. 

The equivalent carrier frequency the 7 converters at (/<c/KIIl) = 3 is 7 x 3 -= 

21. The theoretical limit of the modulating frequency is (l/3) of the cquivalellt 

carrier frequency. Fig.2-13 shows the speetrum of the waveform of Fig.2-12(c). The 

harmonies M = 1, 3, 5, 7 are measured as being about 0.225. Therc i ... no ~111 

harmonie. The 9th harmonie, which arises from the switching ~idel>al1d har mOllie ... , 

misses interfering with the modulating signal harmonies. 

These results show that the bandwiùth of the information channel b not 

Iimited by the low carrier frequency, Kc, in each individual module. Imteau, the 

effectÏ\ e carrier frequency is N",Kc . 
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2-3 THREE· PHASE MULTI - CONVERTERS 

In our case-study, Nm (=8) three-phase converter moùules are connectcd III 

parallel as shawn in Fig.2-14 ta form a station for HVde or Sye applic:ltion. The 

station is connected by way of transformers ta the ac side which is repre~ented Ily 

ide al 3-phase balanced ae voltages ea, eb and ec and the transmission line resi~laIlCl' 

Rl and inductive reactanee Xl' 

The concern of engine~rs is to know the size of the reaetanceX2 in ortler IlIal: 

(1) the valves do not have ta be exeessively over-rated. 

(2) the THO of the station voltage can meet the harmonie stanùards. (The TIl D 

of the station current is always better than the voltage THO ~o that the 

current THD is not evaluated here.) 

As shown in Fig.2-14, the transformer primaries are in the wye-connectioll 

with a grounded neutral. The study bas examined the wye-connected and the delta­

conneeted secondaries and has found little difference between them ~o that only tilt; 

results for the wye-connected secondaries are given. 

The study consists of assembling the circuit theory cquatlol1<" ba ... ed 011 

Kircbhoff's Current and Voltage Laws. The tramformers are reprc~cnted a ... ideal 

transformers with a magnetizing reactance x'w The circuit parameter~ arc li ... tcd in 

AppendLx A. The valves are each described by the ~witch function of cq.(2-1). The 

terminal voltages of the converter phases are described bye4.(2-2). 'flle equé.lt ion" 

are solved by numerical integration until the steadY-'"itate is rcachet!. J\ccclcrated 
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convergence is achieved by using a large resistance RJ' The number of integr:ltioll 

steps per 60 Hz cycle is 6000. 

The voltage THD is evaluated at the transformer primary terminal. l'hL' 

results are obtained for 1.0 p.u. de rectifier power output, keeping V, = 1.0 p.lI. :Iml 

ac voltage at 1.0 p.u. The modulation Index is M.I. = 0.8. 

2-4 CASE - STUDY RESULTS 

In the study results of Fig.2-15 and 2-16, the p.u. values are rcfl'rr~d tu Ihl' 

base values of a single 3-phase converter module, described in i\ppendix C. 'l'Ill' 

base enables the sizing of the valves ta be made from Fig.2-15 u~ing the l'ms cur rent­

vs -X/ graph. The 1.0 p.u. current corresponds ta the base current of (hl' cOllver lèr 

module. 

Fig.2-16 shows the voltage THD as a function of X 2'. Fig.2-15 and 2-1 (l are 

based on assuming that the de voltage Vc is constant, coming from an ideal volta~!e 

source. 

The results in Fig.2-17 are based on replacing the ideal voltagt.: '>(Juree 

representation of Vc by the voltage charged across the de link capacr tor. Tht.: '>l/e 01 

the capacitor is given as the reactance Xc, per-unitized with rc'>pect 10 Z'J<1.t" or 1 Ill' 

entire ac system. Fig.2-17 plots the THD of Vra and Vc a~ a function orx, (kl:epln~ 

X/ = 0.2) . 
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2-5 REMARKS 

U~ing data such as those given in Fig.2-15, the designer has ta optimize the 

total cast. The cast of X/ (based on its VA rating, which corresponds ta the p.u. 

value of X/ ) is less expensive than the cast of the valves (p.u. rms current). 

The cost of X/ i~ already paid for, in part, because it serves the function of 

rcducing the THDv as shawn in Fig.2-16. The phase-shifting technique applied ta Nm 

modules has cancelled the low harmonie components (illustrated in Flg.2-8) leaving 

behind the residual high harmonie eomponents (illustrated in Fig.2-9), which 

cxpressed as THD has the approximate figure given in Fig.2-11. The further 

attenuation of the THDv in Fig.2-16 is a consequence of the voltage division, 

approximately in the ratio of X] j(X]+X/), for the case-study of Fig.2-14. 

Fig.2-16 shows that for the low values of X/ ,the THDv exeeeds the harmonie 

standards [19,21]. A high frequency filter, su ch as the one presently used in thyristor 

technology, can remove the residuaI • .igh frequency harmonie eomponents. The cost 

of X/ is offset by the savings from the eonventional tuned harmonie fiIters, which are 

no longer necessary. 

On the de side, the conventional tuned harmonie filters are replaced by a 

single dc capacitor, the size ofwhieh is given as Xc in Fig.2-17. Fig.2-17 presents the 

resuIts for the eonservative case, X/ = 0.2. 

There are improvements ta be gained by increasing ~II = 8 ta a larger 

number . 
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Notes on Per-Unitizing 

In Appendix C, the system bases are chosen on the transformer primary ~idl". 

The seeondary to primary turns ratio is Il. The P.U. Bases of each Clllwcrtcr I1IlH.lUJe 

reflect the faet that there are Nm modules connected in parulie\. lJ!:.ing t hl" TII.llt' of 

Appendix C, X/( =X2 j:i.:base ) in Fig.2-15 and 2-16 gives an cstimatc of ib 

comparative cost irrespective ofwye-wye or wye-delta connections. Tht' ordill:lle in 

Fig.2-15 is a guide as to over-rating of the valves needed to accommodate haI11l0I11<': 

lasses. On the de side, the eapacitor size C is per-unitized as Xc = 1/(377C· Z",/It' ) 

in Fig.2-17. Power engineers are familiar with cost based on per-unitized rcactancc~ . 
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CHAPTER III 

SERIES CONNECTED MULTI - CONVERTERS 

3-1 SERIES MULTI - CONVERTERS 

Fig.3-1 shows the converter station based on the series connection of N III 

voltage-source PWM converter modules. The detail schematic of each converter 

module bloek diagram of Fig.3-2(a) is shown in Fig.3-2(b). The triggering of the 

valves, of the a-phase of the jth module say, is based on the Sinusoidal Pulse Width 

Modulation strategy which uses the intersections of the sinusoidal modulating signal 

Smalt) and the triangular carrier signal Sca/!) , as illustrated in Fig.3-3(a), 10 

determine switching instants of switching function Swalt) in Fig.3-3(b). The valves of 

the a-j phase are triggered as follows in response ta the switching function: 

S (t)=-l 
~ 

"l'l'er valve lJJ{ 
lower valve OFF 

"l'per valve lJFF 
lower valve lJJ{ 

(3-1) 

In this chapter, the utility system is modelled by the ideal voltage sources ea 

, Cb ' ec and equivalent impedances RI andjXI . The transformer connections are wye-

delta, with the secondary impedances N",R2' jN",x2 connected as shawn in Fig.3-l. 

The de voltage Vdc is based on the sum of the voltage ~J across the capacitor 

C between the terminaIs d
J 

- el' 
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Fig.3-3 SPWM control of a-phase, jth converter module 
(a) Modulation Signal Smlt), Triangular Carrier Signal SCII/(t) 
(b) Switching Function Sw,lt) 

43 



• (3-:~) 

In sizing the capacitor C, its capacitive reactance at 60Hz is per-uniti7ed .iS 

Xc=1/(377CZbasj· 

3-1-1 HARMONIeS OF SPWM 

The voltage at the a-terminal, say, of the jth converter module is: 

(3-3) 

. 
where Veit) is the voltage across the de link capacitor C, and Swall} is the switching 

function of Fig.3-3(b). The analysis of the Sinusoidal Pulse Width Modulatiof1 

strategy is based on expressing Swalt) as a Double Fourier Series [25]. In the al1aly~i.., 

here, the Double Fourier Coefficients are expressed in the polar form (S/1I11' (P/II,,)' 

which are respectively the magnitude and the phase angle of the (11l,Il)rh hall11()I1IC. 

Eq.(3-3) is then expressed as: 

..... 
Val =O.5VCJ(t)E L Smncos[(nKe +mKm)wt+q>lIIn] O-.f ) 

m n 

where Ke=frequency of the triangular carrier (Hz) 

K,II = freq uency of the modulation signal (Hz) 

(ù =2'ff radis 

• m,n = Double Fourier series integers 
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• 3-1-2 PHASE SHIFTED TRIANGULAR CARRIERS 

The multi-converter switchings are based on sen ding identical modulation 

signaIs Smaft), Smit), Smlt) ta the SPWM blacks of Fig.3-2(b) of ever: .:;onverter 

module. However, the jtlz module receives the triangular carrier signal which is phase 

shiftcd by j 8s", j = 1, 2 ... Nm • The phase-shift angle is defined as: 

(3-5) 

as illustrated in Fig.3-4. The effect of the j8sh phase shift in the triangular carrier 

signal is to introduce a phase shift of (jn21f/Nm) in the cosine argument in eq.(4). As 

viewed from the primary side, the effect of the contributions of aIl the Nm modules 

is the summation: 

- . . (3-6) =o.s:E {Veit) E E S_cos[(nKe +mKm)wt+ 
J-l 1ft ft 

'Pmn + (jn21tIN",)]} 

The (jn21f/Nm) term in eq.(3-6) is introduced by the triangular carrier phase shift. 
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3-2 Mcthod 1: HARMONIC ELIMINATION EQUAL AND 

CONSTANT DC LINK VOLTAGES 

By making the de link voltages of aIl the modules equal and constant, that is: 

J'=l 2··N , m (3-7) 

it is possible to interehange the order of the triple summation in eq.(3-6) so that: 

_ _ N. 

Vcu=O.5VccL L Smn(L COS [(llKc +mKm)wt 
m Il J=l 

The innermost summation of eq.(3-8) yields: 

where 

N. 

L cos(~ +jn21tfN,,) = N,"cos~ 
J-l 

= 0 

for j = LNm 

for j ~ LN", 

L=l, 2, 3 ... 

, = (nlÇ + mK"J6Jt + 'Pmn 

(3-8) 

(3-9-a) 

(3-9-b) 

(3-10) 

Fig.3-5(a) and (b) show the phasor representation of the summation of eq.(3-

9-a) and (3-9-b) which lead respectively to non-cancelling addition and harmonie 

ca ncellation . 
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Fig.3-S Prineiple of harmonie caneellations 
(a) Additive phasors 

Practical Implications 

(b) Phasor additions leading to 
cancellations 

(a) 

(b) 

Since tbe harmonie cancellation principle of eq.(3-9-b) ùepenùs on the dc link 

voltages of all the Nnr converter modules being equal and con!:>tant, it b anticipated 

that the de link capacitanee C must be large sa as ta be a constant voltage. To kel.!p 

the switching lasses low, the (Kc /Km) ratio has ta kept low. The filtering uf tht.! low 

harmonies is generally expensive. 

Fig.3-6 shows that for Xc = 1.0 p.u., Kc /Km =5, VC} is almost ripple l'l'ce. 'l'Ile 

THD of Vdc and Vt are respectively 0.06% and 4.7%. The high quality WaVcf()f f1l uf 

Vt is a consequence of the harmonie elimination based on eq.(3-9-b) a:-. illu!'>!1 akd hy 

the phasor diagram of Fig.3-5(b). 

It is worth remembering that Xc is the capacitive reactance of the capacltor 

C for one module of Fig.3-l per-unitized with respect to the Z-ha~c 0/ the prilll:lry 

side . 
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3-3 Method II: HARMONIe ELIMINATION-SYN~IETRICAL PHASE 

SHIFTING 

From consideration of symmetry, there is a possibility that harmonie 

cancellation will take place simply from the scheme of symmetrical phase $hiftillg of 

the triangular carriers by the amount j8Sh , j=l, 2, 3 .. Nm • Thus the constant de 

voltage assumption of eq.(3-7) may not be a neeessary condition of harnHHlIe 

elimination. It is true that eq.(3-7) will ensure the mathematical canœllatioll 

described by eq.(3-9-b). But it is possible that eq.(3-Y-b) is a special case of a more 

general theory of harmonie elimination which has yet to be worked out. 

Fig.3-7 and 3-8 present the results of an investigation on the elTeet" of 

increasing Xc (decreasing C) ta the extent that the de link voltage V} will not be 

constant. One sees that after passing the resonance peaks around Xc-:::::.7 p.lI., the TIll) 

of the ac voltage at Xc= 10 p.u. is comparable to that of the more costly Xl = I.U p.lI. 

The THD of the de voltage deteriorates although it is still below the 5% "mit 

Fig.3-9 and 3-10 show respeetively the time and the frequeney <.!0Il1:1111 

representations of the voltages Vt, Vdc and VC} for KJKm =5. One ~ce:-, that r()1 

Xc= 10 p.u., the voltage Vc} carries significant harmonies. Ncverthclc~~, harnlOllle 

eliminations take place to yield a high quality total ac voltage, VI, ami tout! cie 

voltage, Vdc ' Vdc carries a 6th harmonie of 2.58%. The 6th harmonie in v'1 in Fig 3-

10(b) is also around 2.58%, indicating tha! it has be.:!n additive [rom the NI/I -= K 

converter modules . 
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3-~ PARAl\'IETRIC STUDIES 

The cast of the converter system of Fig.3-1 will be determined by the sizc and 

the ratings of the components: the capacitive reactance Xc. the inductive rcactance 

x2, the GTOs, the diodes and the transformers. As the manufacturers have the cost 

estimates for the different items, it is felt that a useful purpose is serveù by gathering 

data of the necessary sizes and ratings from simulation runs. 

Fig.3-11 shows the dependence of the THD of the ne , oltage Vt 011 X~ , for 1\, 

/lÇn =4. 5 and Xc = 1, 10 p.u. Ta meet the 5% limit, X] can be as low as 0.175 p.lI. for 

Xc=l.O p.u. On the other handX,:? has to be in the 0.225 p.u. range when Xc= 10 p.lI. 

Part of X] cornes from the leakage :eactance of transformer secondaries. 
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Dependence of Transformer Voltage THD 
on X2 , Xc and Kc /Km 
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Fig.3-12 and 3-13 show the rms current ratings of the GTOs and the 

antiparallei diodes as functions ofX,2 for Kc/Km=4, 5 respectively. The base current 

is the rated current of one of the Nm =8 converters. In the simulations from which 

the data of Fig.3-12 and 3-13 have been extracted, the system of Fig.3-1 has been 

operatcd a!:l a rectifier de live ring 1 p.u. power. Vnder rectifier operating condition, 

the diode rms current tends to be larger than the GTO current. 

One phase of the 3 transformers is illustrated in Fig.3-14. Since the terminal 

voltage Vi is already of high quality as shown in Fig.3-6(a) and 3-9(a), the magnetic 

flux in the core (which is a time integral of the voltage) is of a higher quality 

~inusoidal waveform still. Since most the low order harmonie cancellations occur in 

the summation of secondary currents, the mm! con tains the fundamental harmonie 

and negligible residual harmonies. 

The transformer cast increases with the number of bushings needed for the 

2NIIl sccondary terminais. In addition, each secondary winding has a V:'c /~11 dc 

voltage difference from its immediate neighbour. The insulation must be eo-ordinated 

\Vith thc~c de voltage differences in mind . 
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3-5 BROAD FREQUENCY 

AMPLIFICATION 

--------------------- -

BANDWIDTH OF LINEAR 

It bas aiready been establisbed that the SPWM controlled bridge convcrter 

funetions as 3 linear amplifiers, one for each phase, provided the bandwidth of the 

modulating signaIs Smalt), 5mb/t), Smc/t} are Jess than Nn,Kc /3 [23 - 25]. In the proof 

of the frequency bandwidth being Nn,Kc /3 [25], the tacit assumption u~ed i) the 

constant and equal eapacitor voltage assumption of eq.(3-7). 

Since the mathematieal basis for Method II - the Symmctrical Phase Shirting 

Merhod has yet ta be developed, it is necessary ta use simulation run~ to find out if 

the !inear gain for the case of Xc=1O.0 p.u. has a broad frequeney bandwidth abo. 

A contrived situation was simulated based on adding a 5th harmonie to the üOHz 

fundamental frequency of ea to the system of Fig.3-1. Fig.3-15 show~ the voltage 

waveforrn of the source voltage ea and the line current in" The modulating wavcfo! m 

SI/la} eonsists of the 60Hz fundamental frequency only. The carrier fn.:l\uency i~ 

Kc=300Hz. The current waveform in Fig.3-15 contains the fundamental and the 5lb. 

harmonie current components. 

The same simulation was repeated and the re~ult~ appear in Fig.3-lü, III 

addition to the 60Hz fundamental frequency in the modulating waveform SII/ol' a fifth 

harmonie component was added and adjusted untiI the line currcnt ia contain" the 

fundamental frequency only. This simulation experiment shows that the firth 

harmonie signal has been amplified a~ a harmonie voltage in VI which has been Ctlual 
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to and in phase with the fifth harmonie voltage in ea 50 that no 5th harmonie current 

can flow. This simulation ron has demonstrated that for Xc=lO p.ll., where ~J is nnt 

constant, linear amplification extends at least to 5x60=300Hz. The equivalent carrier 

frequency is N",Kc=8 x 300=2400Hz and the bandwidth of 800Hz is assured l'rom the 

existing theOl"y [25] for Method I. 

3-6 SWITCmNG FREOUENCY 

In the interest of minimizing the switching losses, the KJf\" ratio mll~t lk' 

kept at Iow values. As explained in Ref.[24, 25], certain Iow vaIlles cannot be llsed 

beeause the lower sideband harmonies can appear as de voltages, or as the 

modulating frequency voltages, on the ae terminaIs. The dominant lowcr 'iideband 

harmonie has its frequency at Kc - 2Km [25]. 

K:/Kn =2 Sinee (Kc - 2/(,11) =0, the individu al converter modules have large dc 

voltage components. Since the circuit resistances are low, the resultant very large de 

currents make the ratio of 2 unusable. 

K:/Km =3 The dominant sideband harmonie has the same frcquency a~ the 

modulating signal. As the amplified signal and the dominant ~idcbal1d arc al the 

same frequency their voltages add as phasors. Becau!-.e of the pha~e 'ihifting of the 

sidebands, the resultant ae voltages are different for the indivitlual m()dllJe~. 1 Il 
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consequence, the amounts of power transferred ta the de side are different and the 

capaeitors in the different converter modules are eharged ta different de voltage 

levels. It has been found that by using local negative feedbaek ta phase shift the 

modulating signal in the individual converter module, the de Hnk voltages can be 

equalized. However, because the modulating signaIs are no longer aIl equal ( because 

of the phase shift from the feedback error), the cancellation in eq.(3-9-b) is not 

perfect. In consequence the THD is slightly poorer than for Kc /1(", =4, 5. 

This ratio has promise but requires in depth study as the local feedback loop 

may interfere with the outer feedback loops. 

KLKm =4 This ratio yields de offset eurrents of different magnitudes in the different 

converter modules. The de voltages have their origins from a relatively smalliower 

~idehand harmonie at (Kc - 4Km). Because the de offset eurrents differ in the Nm = 8 

converter modules, the rms eurrent ratings for the GrOs and diodes in Fig.3-12 are 

taken from the worst case. 

As the de current components flow through the secondaries of the 

tran~formers as shawn in Fig.3-14 and as theyare self-caneelling by virtue of eq.(9-b), 

Ihert: is no de compone nt in the 111m[. Thus, there is no fear of transformer core de 

~aturation. 

ft has also been shawn that the de currents in the individual phases of eaeh 

COI1\ crter module can be nulled using local current feedback. 
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CHAPTER IV 

CONCLUSIONS 

Multi-converter phase-shifting using the Sinusoidal Pulse Width Modulation 

(SPWM) technique at low frequency switching rates has been studied. In addition 

it is shawn that in spite of the slow switching rate of the GTOs, the information 

carrying capacity is not impaired. The effective carrier frequency is NI7/<c sa that a 

~ufficiently broad band information channel can be made available for control 

purposes_ 

Chapter II has shawn that no difficulties have been encountered in the 

parallel connection. 

In Chapter III, the data gathered from the digital simulations of 8 series­

connected, voltage-source type converter modules, show that the low voltage THD 

rcqllirement of 5% can be achieved with not unreasonable size components. 

Further illcrease in the number of seriesjparallel connected converter modules 

in arder to meet higher dc voltage and current ratings should also enable it ta meet 

the higher voltage THD requirement of 1%. 

ln the series and parallel connection, tbis is assured in Method 1 (Xc = 1.0 p.u.) 

becallse t he harmonie cancellation pnnciple [25] assures that the equivalent carrier 

frequenl)' is NI/,Ke' 

However. for the series connection, further research is required ta find out 

whether this is applicable ta the more economical Method II (Xc = 10.0 p.u.). The 
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disturbing note is se en in Fig.3-10(b) and (c) where the 6th harmonie in the d~' 

voltage is additive . 
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• APPENDIX A 

SYSTEM PARAMETERS FOR SIMULATIONS IN CHAPTER II 

AC Voltage = 1.0 p.u. 

R] = 0.1 p.u. 

X] = 0.2 p.u. 

R2 = 0.01 p.u. 

APPENDIX B 

SYSTEM PARAMETERS FOR SIMULATIONS IN CHAPTER III 

AC Voltage = 1.0 p.u. 

RI = 0.03 p.u. 

XI = 0.1 p.u. 

R, = 0.03 p.u. 

APPENDIX C 

SYSTEM: 

Zbasc = 

Il - secondary jprimary turns ratio 
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P.U. BASE OF EACH CONVERTER MODULES 

~base = 

J'base = 

Z'base = 

nVbasc 

[base / (nN"J 

n:? NmZbase 
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