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Ever since the E?igh Voltage Dhct  Curent 0 Transmission Systems wcre devcioped 

and utilized in power systems, power tapping fhm these tnuismissicm systems, be it fa  

supplying isolatecl communities d i x  108dS in the vicinity of the aria9mieson system, or 

to pick up dispemod genemtion, has presented formidable techaical, as weii as e c o d c a l  

challenges to powa system designers. As the size of the intermediate load, or local 

generation, has decreased, the severity of these challenges has increased. During the years 

different methods to achieve tapping have been proposeci and studied. To this date, however, 

no ptactical s d  tapping station has been commissioned in any HMC transmission 

system. 

The cunent study, deals with this problem by paying special attention to the new serni- 

conductor technologies available on the market, which have made the ptoduction of 

powerfùl thyristors with tum off capiibility, i.e. Gate Tum Off Thyristors, or GTO thyristors, 

possible. 

A tapping scheme, using GTO thyristor switches, is pmposeâ, and using the PSCAW 

EMTDC digital simulation soAware package, the operation of the pposed scheme is 

studied. 

Simulation results pmve the practicality of the proposed scheme and the @tyof the power 

being tapped into a small local load is within the acceptable limits. The performance of the 

control systems, have been studied and found to be satisiàctory. Also, the use of a customized 

air-core transformer, with a diameter of 5 m, to féed loads of up to 600 kW is shown to be 

possible. 

The tapping station is found to be unable to impose any sisnifiant negative effrnt on the 

performance of the main HVDC system. 
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Chapter One 
Introduction to HVDC Transmission Systems 

In this chaptet, a brief review of HVDC Transmission Systems, including the historicai review 

and the principles ofoperation, is ptesented 

In the last few decades of the nineteenth century, when the commercial use of electric energy 

began, the first commercial gaierators were of the direct currmt (DC) type, and thus, the early 

distribution systems were DC, as well. Because of the low levels of voltage used in the distri- 

bution systems, transmission distances were necessarily short. The potential benefits of electric 

energy were powerfbl motivations kbind a variety of works undertaken in Europe and Amerka 

to improve the existing transmission systems. 

In 1883, the IO-years long work done by Nicola Tesla bore Mt, and he was gnmted patents 

for the invention of polyphase altemathg current (AC) systems. Elimination of cornmutators 



made generators simpler, and the use of tniasformers aiiowed voltages to be chaaged easily. 

Consequently, the use of higher voltages k a m e  practicai, a d  this made transmission over 

long distances feasiôle. The subsequent exploitation of hydmel&ic potentials far awoy hm 

the main 1 4  centers, resuIted in more expansion in AC ttansmjssion systems. 

Regardless of the fàst p w t h  in theutilizaticmof the AC qmtems, e1ectricai en@eers continuecl 

to look for eRéCtve ways to use DC transmission at high voltages. They had mihl uiat the 

cost of overhead hes and cables for high voltage direct ~ ~ r t e ~ ~ t  0 d d  be considerabIy 

lower thaa AC at the same power. The ody obstacle to be ovgcome, was to develop adeqyate 

converters, suitable for very large traasmission systeau. This obstacle was nnally removed by 

çuccessful use of large mer- arc valves in the early years of the WDC era, and later, by the 

use of thyristor valves, capable of canying large amounts of currents, and withstanding high 

voltages. 

The fkst commercial HVDC scheme was a submariae cable ünk. cwnecting two AC systems 

of the Swedish mainiand, and the island of Gotland. The scheme was rated for 20 MW at 100 

kV, and was commissioned in 1953. Since then, more than 80 HVDC schemes, totalhg nearly 

58,230 MW of capacity, have been installai and commissioned around the world Cumntly, 

at least 26 other WDC schemes with a total capCity of mund 27,440 MW are being designeci, 

or are under coi1stcuction in different corners of the globe. Among the schernes in operation, 

the largest long-distance overhead-he HM)(: transmission system is the 6300 MW Itaipu 

scheme in Brazil, consishg of two biplocs each rated at +/- 600 kV, and with a length of around 

800 km. The largest HVDC submarine cable scheme is the 2000 MW iink between France and 

England r 11,121. 



Fig. 1.1 shows a typid HVDC Éransmission system, ccmnecting two AC sysians A and B 

together. The systern has two poles, one positive and one negative, and &us, is caiied a biploe. 

Specinc d d s  ofthe scheme, suchas DC linensistance, ACandM: filtera, smoothingreactors, 

compensacing ~8pacitors, etc., are omittcd fot the sake of Mty. A b ,  it is assumed tbat the 

system uses six-pulse coafigurati~~~, while most modem HVDC schemes use twelve-pulse 

cont5guration hitead. 

An HVDC system, principaily, converts the AC power to DC power by the rectifier operation, 

transmits it to the inverter location, and converts it back to AC power, where it can be used by 

regular power system customers. The DC voltage at the rectifier, Y&, is maintaineci at the 

desireci level by means of controllhg the value of the firing angle, based on the foflowing 

relationship: 

System A 

3 J2 x v  3 
' ~ e c  A L-L cosal -- 7t xX& , 

ûC Line - 

J 
DC Line 

Fig. 1.1 - A Bipole HMC Transmission Systan 



where Vt - is the AC side voltage, Xe is the commutating Z ~ ~ C ~ S U ~ C C ,  al is the firing angle 

issued to the rectifier by the control system, and fbdy, Id= is the DC current in the transmission 

iine. The second part of  #Iiiation (1.1) accounts for the voltage dmp on the DC side, d t i n g  

h m  the overlap phenmenon in the rectifier. 

Similuly, thc DC voltage at the in..- can be maintained at the d e s a  lm1 by contiolling 

the nring angle issued to the in.-, Le. a2. The relationsbip between the M= voltage at the 

rectifier and the voltage at the inverter is based on the foilowing simple equation: 

VRec = V + Rdc x Ide 9 Inv 

where Rd= is the line's DC resistance. 

The DC power at the rectifier site is equal to: 

which is equal to the power being fed into the AC system by the inverter, plus ohmic losses in 

the transmission line (converter losses are being neglected), or: 
A 

It is evident that by selecting pmper values for the firing angies i s d  to the converters, the 

polarity of the DC voltage, the voltage magnitude, and thus the curent magnitude can be chosen 

at will. This means that the flow of the M: power in the ûansmission line, both in trrms of 

direction and magnitude, is easily controllable by simple control actions. This fmt makes the 

HVDC systems one of the most advantageous meam of controlling the archange of powa 

between two AC systems. 



Detailed discussio~ls regardhg the operation and design of HVDC systems can be f o d  in the 

literature, for srample in [Il aad [3]. 

l.3. BM)C or WAC: me Chofce 

In ordei to be able to maice a pmper choice between an ENDC system and a similar HVAC 

system, both the advantages ami disadmutages of the HVDC system must be m i d a a l .  The 

choice, then, will be clear, once one outweighs the othet. 

1.3.1. Adbantoges 

The advantages of an HVDC transmission system over an AC system transmitting the same 

amount of power, brïefly, can be summarized as foiiows [3]: 

- Greater power tcansmission capacity per conductor, which means less costs for iines, cables, 

and nght of way, 

- Simpler line and tower construction, 

- Ground r e m  can be useci, so each co~~ductor can be operated as an independent circuit during 

emergmcies or line repairs, etc.. 

- There is no chargiag curent, or skin effect, 

- Line power factor is always unity, so there is no need for d v e  compensation, 

- Synchronous operation is mt required, therefore the transmission distance is not lirnited by 

stability factors, 

- The two AC ne<iuencies can be diffixent, 

- The short circuit current on the DC line is low, and does not contriiibute to the hult curent on 

the AC side; and, 

- The power in the tie-line, both in magnitude and direction, can be easily conüoiled. 



L3.2. D i h u k n ~ c r  

The above advanîages are gained at the expense of the foiiowing disadvantages 131: 

- AC/DC/AC converters are expensive, 

- Converters rspUe additional capacitors/synchronous condensas to provide large amounts of 

reactive power, 

- Converters generate hannonics, therefore they require both AC and DC flters, 

- Converters have liale overload capability; and, 

- The fact that there is no HVDC circuit breaker at preseat, is an obstacle in the way of multi- 

terminal operation, tapping, or network operation. 

1.3.3. Seledon Criretdà 

A comparison between the above advantages and disadvmtages clearly shows that an HVDC 

system can be chosen over a similar AC system, if and when: 

- The length of the system is long enough, so diat the savings made in the costs of lines, cables, 

towers, and nght of way, more thancovers for the costs ofadditional installations lüre converters, 

nIters, etc.; andior, 

- The specific connection between two AC systems can not bc achieved by an AC tie-line, for 

various reasons like differe~~t kquencies, long submarine cables, asynchronous operation of 

the two systems or comection of a weak AC system to a strong AC systern. 

1.4. Objectives of the Tk& 

As mentioned in Section 1.31, one of the disadvantages of HVDC transmission systems is the 

fact that these system can not be easily tapped to feed smail isolated loads located in their 

vicinity. The objective of this study, therefore, is to propose a practical scheme for small power 



tapping h HVDC systexm, snd to stwiy different operatid aspects of the poposeci 

scheme.Throughout the shidy, attention k paid soleiy to the solid state devices ~~1ie~1t iy avaü- 

able on the mark& as weii as the mi power supply Ieveb n M  by isolated mmmunities- It 

is hoped that establisbing pmdcal tapping schemes WU Id to mn more attractiveness of 

HVDC systems, as weli as improving the lmng conditions end econornic growth of the small 

isolated communities who h e  close to these systems. 

1.5. Summaty of the CIIiapter 

h this chapter, abriefhistoric ZeYiewofHVDC Transmission Systems was presented. Principles 

of operation of these systems were introduced, and the criterion for selection bctween the HM)(: 

and HVAC system, based on the advantages and didvantages of HVDC systems, was 

discussed FinalIy, the objdve  of the thesis, i.e. hdhg a practicai solution for the problem 

of smaii power taping h m  HVDC transmission systems, was sbted 



Chapter Two 
Smaii Power Tapping fkom HVDC Transmission Systems 

Although the HVDC transmission systems, ifproved to be superior to AC transmission for a 

specinc case, present notable economicai, as well as tecbnical advantages, these systems are 

usuaily designeci on a point-to-point bis. As some of these HVDC transmission systems pass 

over relatively m a i l  communities with no connection to major power transmission systems, it 

is most desirable to a d  methods for economidy comecting these communities to the HVDC 

system. Examples of such isolateci commmities can be found inNorthem Cenada, w k  electric 

rates are as high as 14 times those in the southem region, and service is often limited to a few 

household appliances iike iight buibs and radios. These conSeam& bar any serious social and 

economic development [4]. hothet classic example is the case of the Brazilian indigenous 

tribes who iive close to the huge Itaipu HVDC system, but are deprived from the menities 

provided by the electric energy [SI. The possibility of connecting such communities to existiag 



HVDC systems, if establisheû, makes HVDC transmjssion even more athactive- There are also 

considerations in poIiticd decision-mnlcing centers which may lead to making the availability 

of the power to the -le amund iarge transmission systems mpndatory. 

A swey was done by the Manitoba HVDC Researrh Center for GEC-Alsthom duriag 1991 

and 1992, to get a complete set of information about the Canadian commmities which are not 

connecteci to the electric @&, and are smed by diesel-electric genetators. Four provinces of 

Manitoba, British Columbia, Alberta, and Ontario, as well as the Yukon Territory participateci 

in the swey and provided the Center with information about 50 isolated commuoities, out of 

a probable 80 commdties throughout the country- Table 2.1, used with wrïtten permission of 

GEC-Alsthom, shows the peak demsnd of these communities at the time of the siwey [a. 

Table 2.1 - The Number of Isolated Communities Within a Range of Peak Demand (LW) 

Province/Temtory 

Manitoba 

1 ~ritish Columbia 1 1 I 1 I 5 I 
Yukon 

26 < ' D. < 600 

6 

1 ontario I 19 I 2 I 1 I 

5 

Alberta 

The r d t s  show that in 78% of the cases the demand is below 600 kW, for 6% of the cases the 

demand is between 600 kW and 800 kW, and the remaining 16% need supplies of above 800 

kW. Throughout the cunent study, these numbers serve to pmve the adequacy of  the tapping 

scheme, to be pmposed and studied later, for the rnajority of the isolated communities in Canada. 

720 c P. D. < 784 

O 

980 < P. DI 

O 

O 

8 

O 

O 2 



It seems teasonable to ex* tbat the isolatecl communities inother parts of the industrial world, 

as well as the deveiaping worid, roquiie s i .  levels of power mpply. 

2.2. Series and P~uaUei Tqps 

Generally, tapping stations can be divideil into two categories. These categories are series and 

paralie1 taps. Each category bas its special charactexistics, and is suitable fle a certain a g e  of 

power rating [SI. 

Fig. 2.1 shows a series tap. The series tap is a single-phase, full-wave bridge, connecteci in series 

with the transmission line. The current passing tbtough the tap is the line's DC cunent, and 

therefore, the tap has to be rated for the full line cumnt  

Fig  2.1 - A Series Tap 

This tap is a curent-source convertet, and the power being tappcd h m  the ElWC 

the local load is: 



It is evident that the tapped powa m i e s  with the amount of the DC current in the aaiismission 

line. Therefore the conml over the amount of the tapped power is c h e  t b u g h  the control of 

the tap voltage, by a combination of fiting angle control &or tnnsfanner tap changer position. 

The series tap, because of its negîigiile impact on the amount of the DC cpncot in the 

transmission bey is best suited for mail loads, Le. loads with ratings less t h  1M that of the 

main t e r d s .  Als~y its control can be btaily local without any need f a  an integrated control 

system throughout the whole WDC system, thus avoiding high cos& of communication. 

Fig. 2.2shows a parallel tap. The parallel tap is a tbree-phase inverter, connected between the 

transmission line and the ground, and thus, operathg at the fidi mono-polar DC voltage- The 

tap, diverts a fhction of the bels DC curent, hto the local load, and therefore its curent rating 

is detennined by the local l d ' s  rating. 

DC Line 

Fig. 2.2 - A P d e l  Tep 

This tap is a voltage-source converter, and the power king tapped h m  the HVDC system and 

to the local load is: 



The fact that the DC c~aent in the iîne is paaially diverted by the tap necessitates the utilizaticm 

of an integrated contml regime t h r o o ~ u t  the system, by which the siim of current settirigs m 

ali rectifiers is set squal to the simi of cmreat settmgs in ai l  inverters, on a per pole basis. This 

means more hardware and communication costs, which in tum, maka the @el tap 

economicdy non-feesible for smail loads. Faïiwe to achieve this will resuit in the fiow of 

cunent thugh the g r o ~ d  retum, or m e t a c  neutral. Anotha limitation in the use of parailel 

taps for smaU loads is the fact that the combination of high voltage and low cummt ratings wiil 

result in a high installation cost per k W  [SI. 

The parailel tap, b u s e  of the above mentioued reservations, thus, is most suitable for tapping 

relatively larger amoimts of power (compared with the main terminal's ratiag), and for the 

multi-tenninal operation of HMC systems. 

2.3. Previous Work in Power Tkqpingfiom EKDC Transmbibn Sysems 

For large loads, Le. loads which are in the same order as the whole system's capacity, 

multitemiinal schemes have been designed and commissioned. The nrst multiterminal HVDC 

system to be commissioned was the tapping of the monopolar Sardinia to Ltaly HVDC link on 

Corsica. The tap's rating is 50 MW, whüe the main temiinal's capecity is 200 MW. The system 

was not initially desigiied as a mdtiterminal system, and the tapping was added to the original 

system by adding a parailel converter at Corsica [q. The fht  HVDC system to be iaitially 

designed as a muititerminal system, was the Quebec-New England DC link. with a 2140 MW 

p d e l  tap at the Nicolet Station [5]. 

For small taps, i.e. taps with ratings les  than 10 percent of the main terminal rating, however, 

the economical competitiveness cornpareâ with other supply alternatives (e.g. local generation), 



as weiI as technid tesemations have to be weii fùifilied. Amongst the main requknents of a 

small tapping station, one can point to the foiiowing 18-101: 

a) The per unit coat ofthe tap must be sûongiy constdned, i.e., the hxed cost mua k kept as 

low as possible, 

b) The tap must have a negîigible impact on the reliability of the main HVDC sytem. This 

implies that any M t  in the tap must not be able to shut the whole system dom and, 

c) The tap control shouid not interfixe with the main system wntrol, Le., the tap conml system 

has to be strictly locai. Failure to achîeve tbis means more onnplex wntrol systems and higher 

costs in hardware for commUILicati011 and control. 

In the past, a number of schemes have been propuseci for small power tapping h m  HVDC 

systems. The rnajonty of those schemes propose the use of force-commutated or line- 

commutated inverters to tap the power off from the HVDC systern, These schemes, inherently, 

require additional commutation circuitry or local generation capacity, which in tum, lead to 

hi& costs of installation andhr operation of such tap stations. Amongst the saidies done in this 

regard, one can point to those of: Turanîi, Menzies and Wdord,  which uses a capiicitot- 

commutated inverter, employhg two six-pulse thyristor- bridges in series with the DC line [Il], 

and Bowles, N a h  and Turner, in which a two-part scheme is proposeci. The fmt part consists 

of two conventional converter bridges connected in series with the iine, the output of which 

goes to a DYy ti.uee-phase transformer, and the second part is a synchtonous machine which 

provides the commutation voltages for the bridges, as well as part of the total reactive 

requirement [ 121. 

The fast developnent of new semiconductor devices having tum4fT capabilities, Le. GTO 

thyristors, has brought about new ideas about designing small tapping stations. Amongst the 



most ment propod schancg are those proposed by Ekstroin anâ Lameli 113 1, and by Zheo 

and Iravani [l4].The pmpod scheme by E h m  and Lameil is based on a current-source 

line-commutated singiephase thyristor bridge, connected in series with DC b, and depadcnt 

on locally pmvided DC voltage fm starthg the tap operation. 

Fig. 2.3 - The Scheme Pmposed by ElrJtrom and LammeI 

Fig. 2.3 shows the schematic oftheir proposed scheme. Accordiag to ELstrom and tameil, this 

scheme, which works in two steps, eliminates the need of a tbree-phase transformer between 

the DC line and the pd potential by using a single-phase transfomer. Fmm the results of 

the EMTP simulations made on the scheme, they expbct their ~ r o ~ o s e d  scheme to yield good 

dynamic r d t s  [13]. 



2.4. Suwtmaqy of the Ckqplcf 

In this chapter, the problems aPsociated with d power tapping fiom HVDC tmmmhicm 

systems, as weU as the motivation k b d  the d y  of small power tapping wcrr briefîy 

discussed. Next, the resuits of a swcy with regard to the Caaadian coimnmities which are 

isolated h m  the el&c @ds w a e  presenteâ. Then, the two main kmds of tapping schemes, 

i.e. s&es and pandiel taps, were considemi. The main economical and technid mpkements 

for a smail tapping station, too, wen studied And naally, the previous work done in this field 

was introduced. 



Chapter Three 
The Proposed Scheme 

Based on the previous discussions about the need to tap power h m  HVDC transmission 

systems, and in accordance with the @men& outlined for a s m d  tapping station, a novel 

method is introduced which is tecbnidy faible  and also economical. The scheme is inspireci 

by the availability of GTO thyristors on the market, having peak npetitive voltage rathgs of 

up to 4.5 kV, DC current capabilities of up to L LA, and controilable current rahgs of up to 3 

kA [15]. The scheme presented hm,  is meant to minimixe the nimba of elements repuued 

and eliminate the need to locally ptonde DC voltage (apart h m  a smaU control supply) and 

the need for commutating circuitry/machines, while meeting ai i  the iesuiffments outlined 

earlier for a small tapping station. 

In this Chapter, the proposeci tapping scheme will be introduceû, and its pedoxmance will be 

digitaUy simulateci with the results king pmented in Chapter Four and Chapter Five. For each 



part of the scheme, d B i i t  possible caatrol ngtnes wiil ôe introdmed and snidied. It wiîi be 

shown tbat some ofthese controI regimes are more advanîageous compamï to the others. A h ,  

it wiU be shown in Chapter Five that with this specific scheme, and certain modes of operation, 

ordiaary thyristors an capable of teplaciag the GTO th.stors in the series tap, without 

decrea~ing its abilities. 

3.1. me Proposcd Sckeme 

The proposed scheme uses a series tap consisting of 4 GTO thyristors, two capacitors, a single- 

phase transformer (possibly ait c e ) ,  and a single-phase to three-phase converter fading the 

local load Its wntrol ngime is completely local. Fig. 3.1 shows the pmposed scheme and Table 

3.1 presents a quantitative cornparison between this scheme a d  the one proposed in [13]: 

I 
I 
I 
I 
I 
I Tapping Station , 
I 

Con v2 = Three-phase GTO Inverter T2 = Three-phase taamformer 

Fig. 3.1 - The Pmposed Tapping Scheme 



Table 3.1 - Comparative Data 

GTO Thpiston, +=-== 
1 Thyristors 

1 Thee-phase Transfomer 

1 L d  DC Voltage Needed? 1 Yes 1 No 1 

One major poteatial advantage of the proposeci scheme is the possibility of using an air core 

single-phase transformer to achieve insolation between the line potential and the &round 

potential. The idea of using air-core transformer was proposed in an internal report regarding 

smail power tapping, prrparrd for Manitoba HVDC Research Centre by Mt. G. D. Irwin. 

An air core transformer is f8t less costly compared to a similar conventional tramformer. It 

provides indation by simply separating the two windings in the air, and does not need complex 

insuiation, protection, and cooling peripheral devices/systems. It is also very üght in weight, 

thereby making the whole tapping assembly lighter in weight and easier to install. 

Looking at the scheme proposeci by Eksttom (page 15), it is evident that the commutation on 

the tap thyristors is provideci by the DC voltage across the intennediate capacitor, tbrough the 

action of the single-phase GTO thyristor bridge Conv,. The commutation voltage is 

transformed to the line potential by the single-phase transformer. This necessitates the 



deployment of ambust, Iow-leakage transformer, with a very goodvoltage reguiatîon, an aspect 

non-existent in any air cure tiaasfolmer. in the pmposed scheme, howeverY t h  is no need to 

have a commutation voltage on the tap GTO thyristors. A hi&-leaicage traasfotmery moreovery 

does not  ontn ni hi te to systcm losses or weak pnfonnance. T h d i  it seans @te plausible 

to use an air core trarisfier in the tapping scheme, with d t s  as good as those anticipated 

fiom a srna11 tapping statioa 

As for the possibility of produchg such an air are tmndormerY there seemingîy exists no major 

obstacle. Dry-type ieactor technology which bad its beginning in the early 1900's am be used 

in manufacturing the air core transfomer. Because of their design fatures and their cost 

effectiveness, air core reactors employing dry type technology have becorne the technology of 

choice for many applications. This is the situation for HVDC pmjects, which typically require 

a high numba of reactors, such as smoothing reactors, harmonic and radio interference tiltet 

reactors. Dry-type technology has been applied for over 25 years on HVM: pmjects amund the 

world [ 161. 

To estimate the range of voltages that can be applied on the airare reactors, a practical case 

in which such a reactor can be used as M smoothiag reactor is king c o n s i d d  

Bipole One of the Manitoba Hydro's Nelson River HVDC System has three six-puise bridges 

connecteci in series. Each bridge has a DC voltage of 157 kV, a line-to-line AC voltage of 134 

kV, a reactance, X,, of 10.53 Zl (0.2. pou.), and a maximum DC cunait of 1.8 LA. F m  the 

following equation [JI: 



and at the fidl l d ,  the firing angle, a, is found to be equpl to 15 d e m .  Ah, fmn the 

foiiowing equatiion 131: 

the overlap angle, )i , is fomd to be eqoal to 25 degcees. Using these vaiues, and fimm Fig. 4.5 

in page 3 14 of [3!, the ratio of the nrSt signincant voltage harmonie, i.e. the sixth harmonic, to 

the DC voltage is: 

Considering the total M: voltage of 450 LV, the peak sixth harmonic voltage is equal to 3 1.5 

kV. If ody a r6/ vdO of 2% is allowed oll the HVDC iine, it means that a sixth harmonic voltage 

of 22.5 kV has to be absotbed by (dropped across) the smoothing reactor. Therefore, the air- 

core reactors cumntly on the market, seem capable of withstandhg the kind of AC voltages to 

be seen later during the analysis of the proposeci scheme. As for the DC curents aiiowed through 

these reactors, there shouldn't be any problem with cunaits of up to 2 kA, which is the typical 

DC current passing through most of the smoothiag reactors. 

Chapter Six of this thesis is completely devoted to the dyt ica l  study of the air wre transformer, 

its digital simulation, and its p e r f o ~ c e  in conjmction with the pmposed tapping scheme. 

3.3. Operation of the Roposed Scheme 

The idea in the proposecl scherne is as foliows. The DC cunent in the main line passes tbrough 

the capacitor CI by firing the GTO thfistors G ,  and G2. Assuming a zero initial voltage for 

the capacitor, the current charges the capacitor to a voltage level, proportional to the time current 

is flowing in it, as equation (3.4) shows: 



in which ICI is the total capacitor ciinent and r is the tirne duration for which the cuucnt has 

been passing through the capacitor. 

This voltage is directly app1iedacross the non-canûucting GTO thyristors, as wewellas the primary 

winding of the single-phase transfomer. When the voltage reaches to the maximum bearabie 

voltage for the non-conâucting GTO thyristors, which currently is about 4.5 kV for the most 

powerful GTO thyristors availahie on the market, GI and G2 are tumed off and G3 and Gq 

are ~ m e d  on. Revershg the direction of the DC current in the capacitor, brings the capacitor's 

voltage to zero and mer charges it in the opposite direction. Again, when the voltage reaches 

its maximum dowable level in the negative half-cycle, the. conducting GTO thyristors are 

tumed off and the other two are turneci on. Altemate repetition of this p e s s  mates a saw- 

tooth voltage in the capacitor, which is transformed by the singie-phase transformer to the 

ground potential. The single-phase voltage created in this manner, then, can be converted to a 

three-phase voltage, using a single-phase to the-phase converter, and suppüed to the local 

load, via a three-phase transformer. 

The followiag case illustrates the proposeci idea. If a DC current of 2 kA is flowkig ia the HVDC 

line, and if a 125 pF capacitor is to be used in the series tap, it takes 0.25 rns for the capacitor 

to be charged from zero voltage to 4 kV. Ifthe m e n t  is mersedat this moment, it takes another 

0.5 ms for the voltage to reach -4 kV. Tberefore, while the curent wiu have a square-wave 

form with a fnsuency of 1 kHz, the voltage is expected to have a saw-tooth shape, with the 

same fkequency, and apeak magnitude of4 kV. Fig. 3.2 shows the square-wave capacitor cunent 

in this case. 



Fig. 3.2 - &pare-wave Capacitor Cunent 

Tt can be shown that the above squarewave cunent is represented by the foUowing Fourier 

series [IV: 

in which o = 2 x  ( 1000) radis. Using equation (3.4), and integrating eqyation (3 .S) firom O to 

t, it can be show that the resulting voltage is represented by the foilowing Fourier series: 

Using the MATLAB software package, and talcing into consideration only the first 50 terms, 

the wavefonns resulting b m  the Fourier senes (3.5) and (3.6) are show in Fig. 3.3. 

Fig. 3.3 -Capacitoi's Square-wave Cunent and Saw-tooth Voltage 



The teason behind choosing such high neqUencies is the k t  that thïs wîli decrease the size of 

the capacitor drastidy, typicai vaiues behg between 100-200 pF, and thns rnakes the tapping 

station l e s  expensive. As the iron lorues mczie8se drastically at higher fkpencies, the air core 

single-phase transf~~mer wili have the additional advantage of avoiding high hm lossa. And 

M y ,  a higha @ency meam tbat the harmonies imposeci on the DC line are higher 

cornpanid with the AC system â#iuency, and thus, easier to filter thmugh the DC filtets. 

This analysis shows that with a pmpa control regirne, a saw-taoth voltage can be generated, 

the peak magnitude of which is dependent on the DC line current. However, since the powa 

being tapped fiom the DC line is dependent on the generated AC voltage, it is necessary to keep 

the peak AC voltage constant, or as close to a constant value as possible. Achieving tbis goal 

requires control regimes which, through changing the nriag fiexpency of the tap switches or 

similar means, can keep the voltage constant for different values of the DC line curent within 

its normal operational range. Monova, the conditions assumeci in the above are those of a no- 

load situation, in which the only nirnat passing tbrough the capacitot is the M3 line c m t .  

In a practical situation, the primary c m t  of the singie-phase transformer also fiows through 

the capacitor and its effect on the capacitor voltage has to be taken into consideration by the 

contrai regime. 

To examine the effmts of loading on the capacitor voltage, it is assumeci that the capacitor is 

paralleled with a R-L bmch. The R-L branch values are chosen in a way that under a saw-tooth 

voltage with a peak magnitude of 4 kV, a power of 1.23 MVA with a lagghg power fkctor of 

0.707 is absorbed by the bnmch, representing the local load d the single-phase transformer. 

This is very close to a typicai isolated load, with an air-core singlephase transformer in the 

tapping scheme. As the rms value of the voltage is equaî to 4/ (fi) kV, the values for R and 

L are found to be 3.06 and 487 pH, respectively. The cumnt injected into the two branches 



is a square-wave cuuent with a tkeqgency of 1000 H i ,  and a peak magnitude of 2 kA. Fig. 3.4 

shows the simplifiecl d p t i o n  fm the tapping station under the load cdticms. 

1 

Fig. 3.4 - Shnplined Loaded Tap 

Using the Fourier series (3.9, the eunent is assumeci to be a summation of 50 sinusoida1 currents 

witb different fhpencies, [(na) . At each harmonic fkquency, the equivalent hpedance, 

Z ( n a )  , is calculated and al1 hannonic voltages, i.e. the phasors I (na) *Z (na) , are added 

together to get the total voltage. Fig. 3.5 shows the resuiting voltage, derïved by MATLAB 

software package. 
L . . f 

Fig. 3.5 - m e n t  and Voltage for the Loaded Conditions @ lûûû Hi 

It is evident that, uaüke the no-14 conditions shown inFig. 3.3, the pcak voltage has increased 

to about 4.7 kV. This is because of the cunent in the p d e l  bmch, as mentioned earlier. 



If the fbquency of the injected cpmet is incfeased fbm its o@mi value of 1ûûû Elz. the peek 

magnitude of the voltage is expected to &op, because of the î k t  that the @dent impedairce 

wiii decrease accodhgiy (at higher fkquencies, C is the decisive part of the impedince). 

Fig. 3.6 shows the voltage acrwrs tht capacitor for a m e n c y  of 1 150 HL 

Timo <a> x 1 0 ~  

Fig. 3.6 - Cuirent and Voltage for the Loaded Conditions @ 1 150 Hz 

The 15% increase in the fkpency of the square-wave cuaeat has resulted in a drop in the 

voltage's peak magnitude, sufncient to keep it within f 4 kV. 

In the following Section, a numk of alternative control regimes for three Merent parts of the 

tapping scheme are presented and shidieâ. 

3.4. Control R e ~ k e s  for the Proposed Scheme 

in order to control the @ty of the p w a  king ta@ fiom the HVM: system, and also to 

protect the tapping station's various elernents, several parameters must be closely monitored 

and kept within acceptable margins. These parameters include tap's AC voltage Y', , the ld 

AC voltage, and ld frecluency. These parameters are king conttoiled, directly or inditectly, 



through the contrai regimes preseated in the foilowing for each of the thne converters in the 

tappïng schane. 

The AC voltage created by the series tap (acn#rs the capacitor Cl ) can k colltralled thmugh a 

number of diffetent contrd strategies. Three possible methods are considemi in the current 

study, and are as foflows: 

1. Bangang Method: The alternate switching on and off of the two pairs of GTO thyristors, 

initiaiiy, was believed to be possible by using a simple bang-bang contml regime which wo&s 

exactly in the mannet qlained in Section 3.3. The voltage across the capacitor is monitored, 

and when it reaches the set maximum (in both positive and negative half~ycles), finiig si@ 

are issued to the non-conducting switches to tum on, and to the conducting switches to tum off. 

During the simulation of the proposcd scheme, however, it was tealwd tbat switcbiag the 

conducting GTO thyristors off at a moment when the alternating voltage has reached its 

maximum allowable value, WU not stop the voltage nom M e r  increasing beyond its 

maximum level. This is because of the fhct that although the DC line current, because of its 

path being reverseci, will flow t h u g h  the capacitor in the opposite direction, the CUrtent in the 

single-phase transformer's primary winding wiU continue to fiow through the capacitor in the 

same direction for a while, because of the inductance in the transformer winding, and this current 

can increase the altemathg saw-tooth voltage even furtha. This situation is especiaiiy serious 

when the peak current in the transfomerprimary winding is comparable to or even higher than 

the DC h e  curent, for exemple during low-level DC powa transmission and high local 

demanci, where the reversal of the DC cutrent will not reverse the fktw of the total curreat in 

the capacitor, i.e. lc, . 



In addition to the above disadvaatage, it was realized tbat firing the switches in the Series tap 

solely based on the shape of the AC voltage will result in the colbpse of the AC voltage, and 

thus a halt in the pwer tapping, for specific leveis ofDC cuaent. This situation is illustrateci 

through the foîiowing example. 

The series tap has a 125 pF capacitor, and the single-phase transfomer and the local load 

together are qresented by an R-L bmch paralieleci with the capacitor. The resistance is 

selected to be eqyai to 3.06 CZ , and the inductance is eqpal to 487 pH. At a kqyency of 1000 

Hz, and with a peak saw-tooth voltage of 4 kV, this traasiates to a local load of about 1-23 MVA 

with a lagghg pwer fktor of 0.707, wbich is reasonably similar to a typical local load with 

an air-core transformer in the tapping scheme. At the start of the system operation, a DC cunent 

of 2 kA is passing through the series tep, and the bang-hg control system is set to ümit the 

peak voltage to 4 kV. The operation of the system is stnuiated by PSCAWEMTDC digital 

simulation softwate package [18] and is shown in Fig. 3 -7. 

At ~ 0 . 0 5  seconds, the DC cumnt is reduced to 1.5 id, because of wbich, the fieqpency of the 

saw-tooth voltage is reduced by the control system in order to keep the peak voltage at the pre- 

set level. At M . 0  1 seconds, the current is reduced to 1.2 LA, but the AC voltage has collapsed 

and the capacitor voltage stays constant at 3.672 kV. During the same period, the load cunent 

is exactly equal to 13 kA DC, which when multipliecl by the 3.06 Cl load mistance, gives a 

M: load voltage of 3.672 kV. This means that at a moment, when the DC voltage across the 

resistance is equal to the DC voltage acms the capacitor, the flow of cumnt into the capacitor 

will stop, and ail the DC cumnt wil l  pass through the laad branch, thus stopping the capacitor 

voltage fiom changing in both âirections. Consequently, the bang-bang control system, 

aaturally, wiU not change the conducting switches because the pic-set Mt will not be reached, 

and the AC voltage wili collapse. In reality, however, as soon as the AC voltage coiiapses, the 



Fig. 3.7 - Operation of the Tapping System with Bang-bang Contml 
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local load wiil not be represented in the primary of the single-phase transfonncr anymore, and 

thus the actuai resistance wiil be the smaii primary winding mistance. The capacitor voltage, 

in the absence of any flow of DC currmt through it, wiii graduriuy decrease (discharge in the 
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parallel brarich) to a small level equai to that of the ohmic voltage drop across the primary 

winding¶ which by now, d e s  aii the DC line curretlt, Since each GTO thyristot is suppod 

to carry the DC current for halfof each cycle, the average cuuent ability WU be chosen to k 

equal to 1 LA, which is aiso currcntly the maxjmum a W 1 e  on the market, Unintanipted 

flow of DC current kugh  only two of the GTO thyristors, thus, will eventuaily resuit in their 

overament dsmags. h the impactical situation, whece the DC amnt is increased so that the 

ohmic voltage drop is iarper than the pre-set Limit, the hg-bang ccmtrol system, once again, 

is able to switch off the conducting GTO thflstors, and SWItch on the non-conducthg ones, 

and consequently, re-estabiish the saw-tooth voltage. This, however, will not happa in a 

practical situation. 

For the above reasons, the bang-bang contml strategy proved impractical and, therefore, is not 

employed in the study of the tappiag scheme's operatioa. 

2. Variable-Frequency shategy: It is evident h m  the previous explanaiion about the operation 

of the proposed scheme that the firing fkeqyency of GTO thyristors for a given capcitance is 

dependent on the amount of the DC ciincnt pssing tbrough the main line, plus the cunent 

passing through the eaiisformefs primary windiagC For this rsason, a variable fkqpency PI- 

controler (Proportional-Integai) system, as show in Fig. 3.8, is use4 where the fre<iuency 

can vary between 200 Eh and 1500 Hz, the maximum frrcluency ailowable for the currently 

available GTO thyristors on the market 11 51: 

Fig. 3.8 - Firing F y e n c y  ControUer 



The contmiier ensures tbnt the peak voItage (in both positive and ncgative dkd01ls) does not 

exceed 4.5 kV. The féeâùack to the PI-ccmtroUer is the mur value of the cqacitor voltage, wbiie 

the ref-ce value, i.e. is the maximum peak voltage divideci by f i .  At m-Loaâ 

condition, the AC voltage is compIetely in a saw-tooth shape and its ims can be show& to be 

equal to its pealc value divided by f i  . As the load is increased on the tap, the AC voltage 

becornes more similar to a sirmsaidal waveform as shown in Fig. 3.7, and in an ided situation, 

where it assumes a complete sinusoidal fm its peak magnitude is ody & thes its mis value. 

For this reason, the division of the maximum voltage by */j provides a reasonable d e t y  margin 

for the switches. 

This control strategy, because of its relative independence h m  the voltage shape, and because 

of the fact that it issues the firing signals based on the Aecpency, and not the peak of the voltage, 

is capable of maintainhg the AC voltage for a wide range of DC cunent in the line. This will 

be shown in Chapter Four. 

3. Constartt-Frequency Strutegy: Tbis is an alternative control strategy, and similar to the 

variable-kquency strategy, issues the firing si@s in a quasi-feedfomard mode, without being 

totaliy dependent on the peak of the AC voltage. The idea in this control strategy is as follows. 

A constant fiesuency is selected for the operation of the tapping scheme. The capacitance is 

chosen in a way that at minimum capacitor current, a complete saw-tooth voltage is generated. 

As the current increases above the minimum Mt, the current is aüowed to go tbugh the 

capacitor for only a hction of a haWcycle, Long enough to charge the capacitor to the set 

maximum value. As soon as the maximum level is achieved, the conducting GTO thyristor on 

the right-hand-side of the series tap in Fig. 3.1 is tumed off, and the non-conducting switch on 

the same side is tumeci on. This provides a direct path for the DC line, bypassing the capacitor. 



At the end of the halfkycle, the coiiciucting GTO on the lefi-hand-side wili be tumed off, aiad 

the non-coomicting switchon the saw side is tumed on, do*  the DC corrmt to fi owtbrnigh 

the capacitor in the @te direction, compered to the previous half-cycle. 

If the worlcing fkquency is selected to be eqoal to 200 Hz, anà iftheminimum and thc maitimum 

peak c-ts tbrough the capacitor are to be equal ro 0.5 kA and 2 5  LA respectively, the 

capacitance neecls to be, bascd on the equation (3.4), equal to 156.25 pF, if the miutinnmi 

voltage is to be 4 kV. Fig. 3.9shows the fesulting voltage for four different d u e s  of peak 

capacitor current. 

K = Q . S U  

Fig. 3.9 - Constant F-ency Voltage for Different Capacitor Cunents 



It must be clarifiai that the voltages shown in Fig. 3.9 are the AC voltages imposcd on the 

HMC iine. The AC voltage seen by the prknary winding of the single-phase tfaasfoaner, 

however, will not include the suddaijumps to zero, because the capacitor voltage, which is 

applied on this winâïng, wili mt be dischargeci instantaneously. Fig. 3.10 shows a typicalvoltage 

expected to be appiied on the single-phase transformer. 
I 

Fig. 3.10 - Expected AC Voltage Applied on the Transformer's Rimary Whding 

The constant fiquency regime is more advantageous, compareâ to the variable-rieguency 

regime, if instead of the air-wre üansfmer a conventional iron-core transformer is to be used. 

This is because of the fact that the hen losses increase drasticaiiy at high kquencies, and also 

because of the fact that it is very difncdt to design an iron-core transfamer which can provide 

a good degree of voltage regulation over a wide range of fkpencies. The cüsadvantage of this 

methoci, compareci to the variable-fresuency method, however, is that only GTO thyristors can 

be used in the series tap, while as it WU be show in Chapter Five, with the variable-fkquency 

method, ordinary thyristors can replace the GTO thyristors. 

The results of the study of the system operation using the constant-frrciuency conmilet will k 

presented in Chapter Five. 



As mentioncd earJier, the bigh â#iuency singie-phase voltage created on the capacïtor CI is 

transfod to the g r o d  potentki by the singlephase t r a n s h e r  T l ,  and is then rectifieci 

by the singie-phase bridge in d e r  to charge the DC link capacitor C2. The DG linL voltage is 

the source far the tbree-phase voltage-source inverter, and thdore ,  it is necessary to control 

this DC voltage in order to maintain a constant load voltage. There are two possible choices for 

the configuration of the singlephase bridge, which are as follows: 

2. HuF Waw BrUlge: h I n s  configuration, the single-phase bridge consists of two thyristors 

in the upper half of the bridge, and two diodes in the lower half A PI-controUer, almg with a 

Phase Locked Loop (PLL), controls the firing angle issued to the thy~&~rs, in order to maintain 

a constant DC voltage amss the DC iink capacitor C2. This Lind of contml over the DC iink 

voltage is necessary if the Programmeci Pulse Width Modulation (PPWM), to k introduced in 

the next Section is to be employed for conûolling the three-phase invertet. 

It is noteworthy that a fidi-wave bridge is not necessary, because the DC linL voltage is always 

positive. Fig. 3.1 1 shows the contml regime for the haiGwave configuration, in which Y,, is 

the single-phase traasformer's secondery voltage. 

Fig. 3.1 1 - DC Link Voltage Contmlier 



In ordinary cases, where the inpa to the singlephase bridge is a sinusoida1 wavefonn the DC 

output can k controlied by the firing angles, based on the foiiowing relationship 1191: 

in which Y' is the peak AC voltage. Li the pnsent case, in which the AC voltage is not a perfiect 

sinusoidal wavefonn, however, the P U  may not be able to pdorm as expected. The 

performance of the system with a b a K ~ v e  single-phase bridge will be studied in Chapter Four. 

2. Uncontrolled Bridge: In this method, the single-phase bndge is a simple diade bridge, 

providing a variable DC link voltage. The bridge has no spaific controls, and the control 

employed in the three-phase inverter must be capable of handling variable DC voltage. It will 

be shown in Chapter Five that a Sinewave Pulse Width Modulation techique for the three- 

phase inverter wiil be necessary/adequate to control the l d  voltage dong with an uncontrolled 

singie-phase bridge. 

3a4a3. Conndc for the nlreclphase Vobge-source Inincar 

As the last stage of the tapping process, the voltage-source GTO inverter, Conv* , converts the 

DC voltage actoss the DC Linlr capacitor C, to a t h - p h a s e  AC voltage. As the inverter is 

fiom the voltage-source M y ,  the techniques of Pulse Width Modulation are suitable for 

controlling the inverter. However, based on the control chosen for the single-phase bridge, at 

least two possible metho& exist, and are as follows: 

1. Programmed PuLFe WidtR Modulation (PPWM): This techniquq b a y ,  uses a number of 

pre-calculated angles for nring the GTO thyristors in the invata, and can optirnixe a number 

of quantities, iike the magnitude of the fiuidarnental fzequency component, and the first 

sipaiticant harmonic present in the AC voltage [20]. Firiag the GTO th . tors  at these angles 



changes the square DC voltage to a two-1eveI iine-tocneutrai altemating voltage, as show in 

Fig. 3.12, consista of a wide specintm of harmdcs. 

Fig. 3.12 - Linetolneutrai PWM Waveform 

The resulting wavefom shown in Fig. 3.12, can be expnssed by the foliowing Fourier series: 
a0 

v phase = z an sh (ne) + b, COS (ne) 9 

in which: 

and: 

The system of non-linear equations generated by equation (3.10) bas N variables (a to aN) 

and a set of s01utioll~ is obtaimble by equating N-1 harmonics to pro, and assigrhg a specinc 

value to the hdamental magnitude, a, .  Therefore, for each praperly calculated number of 

angles, Say ic, k-1 odd harmonics wiil be absent in the AC voltage's harmonic spectrum. The 

remaining ûarmonics, because of theu hi@ order nature, can be easily filteml by a single high 

pass filter. The outcome is a nearly perfect sinusoicial AC voltage, f d  to the local laad The 

PPWM not only controls the mapitude of the load voltage, it is also the only criterion by which 



the firecruency of the voltage fd to the local load is controiied, and has prwd to be ciuite 

effative, as will be shown in Cbaptcr Four. 

To fïnd the apqriatePPWM firing angks for the pmposed scherne, a fundamentai magnitude 

of 1 .O p-u. is chosen. Also, it is desirrd to etimirinte the fa 10 hrvmonics in the spectnim of 

the load voltage. So, using the n-dimensional Newton-Raphson algorithm 1241, a total of 1 1 

m g  angles, (a, to a,, ) wece CalculSIteci and are shown in Table 3.2. 

Table 32 :  Fuing Angks 

and for a load fhxpency,f, of 60 Hz will be eqyai to 1380 HZ, which is within the capabilities 

of the avdable GTO thyristors on the market [IS]. 



The above firing angies have been calcuiated basd on the assumptim of a ccmstant DC link 

voltage. Othawisa, if the DC linl voltage is to be varieci, the nring angles, too, n a d  to vary to 

keep the hdamentai cumpcment et the desirrd level, and to keep the h t  signifiant )ilinncmic 

the same as This means thatthePPWMhas to be eithaemployedinccmtionwith 

the haKwave bridge which can offi a constant DC link voltage, a e h ,  the firing angles bave 

to be constantly read h m  a Imk-up table, based on the new DC linlr voltage. Altenratively, 

severai new methods for on-line caiculation of the firing angles have ban recently praposed. 

One example of suchmethods is the wodr done by Mohaddes et. aL et the University ofManitoba 

in which switching angles are controlled by a feedforward artificial neural network[2 l] and the 

controlier is capable of maintainhg constant load voltage with a variable DC link voltage. 

Also, it is noteworthy that in the above analysis, for the sake of generality, the 11 firing angies 

are chosen in a way that al l  of the first 10 harmonics, i.e. 3,5,7, ..., 21 are eliminated, and the 

first significatlt harmonic is the 23rd This is specially usefi& when the load is directly 

connectai to the voltage-source înverter. and when significant unbalances are expected in the 

load. However, in the majority of the practical cases, w h m  the inverter is comected to the 

load tbugh a threephase delta-wye transformer (or ungrounded wye, balanced load), 

tripplen hannonics, is. 3,9, 15 and so cm, do not need to be eliminated by the PPWM d o n ,  

because they WU be automatically eliniinated in the delta winding of the ~dnsformer and will 

not appear in the load voltage. Removing the tripplen harmonics fnnn the PPWM elhination 

pmcess, moreover, has two additional advantages which, bridy, are as follows: 

1. Based on the equation (3.11). the maximum number of f i ~ g  angles is 12, if the firequency 

of the load voltage is equal to 60 Elz, and if the GTO thyristors can be firrd at a msximum of 

1500 Hz fhquency[l5]. Leaving the tripplen harmonies intact in the voltage spctnxm and 

devoting the 12 aiiowed firing angles to eliminating the first 11 nomtripplen harmonics means 



that the nrst sigiMcant hamionic wiU be the 37& which is hi* in nature, compsrrd to the 

23rd or 25th h o n i c ,  and thenfixe, b e r  to füter thtough a bigh-pass nIta. 

2. Based on PaRcval's fmda [U], and for the specific square-wave voltage obtained aOm 

the PPWM action in the inverter, the sum of the barmonics is dwa. equal to a constant vahie, 

Of: 

This means tbat the existence of the tripplen hannonics in the inverter output, *ch are going 

to be eliminated automaticaliy by the three-phase transformer, maices the magnitude of the 

non-tripplen barmonics even d e r ,  

The end result of the above two fkts is a much more sinusoida1 l d  voltage. 

2. Sinusoida2 Puhe Width ModuIation (SPWU): An alternative method for controiiing the 

voltage-source inverter is the Sinusoida1 Pulse Width Modulation [23]. In thip method the 

intersections of a triangular waveform and a nference sinewave are used as the firing instances 

in the inverter. The trianguiar waveform has a magnitude of 1, and a fiequency ofp times that 

of the load m e n c y .  The refefence sinewave, has a fiequency equal to the load ftequency, in 

this case 60 Hz, and its magnitude varies between zero and one. The load voltage obtained 

through this method will have a fimdamental fiequency of 60 Hz, and the per unit magnitude 

of the fhdamental component will be equal to that of the refaaice sinewave. Because of the 

PWM action, the hatmonic of the ordetp WU be dominant. Ifp is chosen as a multiple of 3, in 

the present case 9, the dominant hannonic will be automaticaiiy eiiminated in the delta windiag 

of the three-phase transformer, and the rest of the harmonies can be fiitered by a high-pass filter. 

Fig. 3.13 shows the PWM waveforms and the resuiting phase voltage. 



Fig. 3.13 - PWM Waveforms and the Phase Voltage 

Fig. 3.1 4 shows the result of a F o e  anaiysis on the phase voltage in Fig. 3.13. 

Fig. 3.14 - Harmonic Spectrum of the Phase Voltage 



The dominant hanaonic, as expeaed is the 9th. And the magnitude of the fûndamental 

wmpoaent is eqiiol to tbat of the refacice shewave, Le. 0.75 p.& 

The ratio of the d i c e  sinewave peak magnitude to the peak magnitude of the tnenguiar 

wavefonn is called the modulation index, and it can be chan@ by a caatrol system, in order 

to maintain a constant value for the fidamental component whm the DC linlc voltage varies. 

This concept is used in the control system shown in Fig. 3.15, whasby the loed mis voltage is 

protected against the fluctuations in the DC IiaL voltage, thugh  a variable modulation index, 

1 . Firing Pulses 

Convz m 
O 

h a d  - m s  

Fig. 3.15 - Loaâ RMS Voltage Control 

3.5. Sumntay of the Chapter 

In this chapter, a practical solution for small power tapping fimm HVDC transmission systems 

was proposed. Details of the pmposed scheme, including the possibility of using a single-phase 

air-core transformer in it, were discussed Also, ciiffiirent control repimes for the tluee converters 

were proposed and studied. 



Chapter Four 
Feasibility Studies of the Proposed Scheme 

In order to examine the faibility of the proposed scheme, anci to observe the paformance of 

the control systems, the digital simulation software package PSCAD/EMTDC was used [La]. 

This package is an electromagnetic aa~sients simulation program, with a graphical user 

interface, that can simulate power systems as well as powa electronic components. The 

simulation was done in two stages. The hrst stage was to examine the g m d  feasibility of the 

tapping scheme, and the second stage dealt with more detailed operation of the system, in the 

face of v@ng DC curcent in the transmission Liw, as weîi as variations in the local load. The 

results of these two stages of simulation are presented here. 

In both stages of the digital simulation, the air core transformer was simulated using the 

conventional single-phase transforma mode1 atisting in PSCAD/EMTDC. The only diffizrence 

was diat the air core nature of the transformer was modeiled by a 0.3 per unit leakage reactancc, 



as weil as a 30% magnetizing current in the mode1 More accurate representationof the air-- 

transforma is to be pfe~e~lted in Chaptrm Six. 

In order to study the tap's genedop&stion, d a t  the nrst stage, the variable-fkquencyco~lttol 

tegime (Fig 3.8) was chmen for the series tap. An uncontroiled (diode) COIlfigumtion was 

selected for the single-pb: bridge, Conv, , so no control is applied on the DC linlc voltage. 

And M y ,  the voltage-source inverter, Conv2, was ccmtroUed by the PPWM technique- 

1 it was assumai that the DC current in the main DC ihe is 2 kA, and the local l d  is a 125 

MVA impedance load witha laggingpower ktorof 0.8. For the PPWM technique in the three- 

phase inverter, since no tbreephase transformer was employed in the lad,  1 1 angles a , to a,, 

were calculated, in anticipation ofhaving the output voltage k e  h m  the fkst 10 odd harmonies, 

Le. hannonic numbers 3,s ,..., 21. The sy- was started at Tirnedl S. and the local I d  was 

applied on the inverter at t i m d .  1 S. 

Fig. 4.1 shows the positive and negative enveIapes of the capacitor Cl voltage, as well as its 

mis value, set to be equal to 2.5 kV by the control system. It is clear that the voltage does not 

exceed the maximum allowable value of 4.5 kV. 

Fig. 4.1 - Capacitor C 1 Voltage 



Fig. 4.2 shows the saw-tooth vottage acnrsa the capacitor C, in the steady state. The voltage 

is close to what was expectcd. The deviaticm ficm the perféct saw-tooth shape is because of the 

singleghase transf~lllder's primary amnt pessing through the tap capacitor. 

Tfme Cs) 

Fig. 4.2 - Tap's Capacitor Voltage 

Fig. 4.3 shows the nring fnsuency of the series tap. The fhpency, in the steady state, is about 

1 kHz, which is equal to the vahe chosen in the design of the system. The input voltage to the 

controller, Vmax, is ramped at the begiming, and since the capacitor voltage is higher than the 

input voltage (di Lower than the maximum value), the fre<iuency reaches its upper Mt, but 

as soon as the capacitor voltage dmps below the input value, the fkqpency is decreased to keep 

the voltage at the d e s a  level. As soon as the loaâ is applied on the system, the fresuency is 

Fig. 4.3 - Tap's Firing Frequency 



Fig. 4.4 shows the voltage of the intemediate capacitot, C2. As mentioned d e r ,  the voltage 

control for the intermediate DC W@tor was not used in the first stage and instd, a diode 

bridge was useci to rectüjr the siiigle-phase transformer's secacky voltage. The resulting DC 

voltage, nevertheless, is @te satishtory. 

Time Cs> 

Fig. 4.4 - Intermediate Capacitor (C2) Voltage 

In Fig. 4.5, the output of the three-phase voltage-source invertcl, Le. the lineto-he voltage 

between phases a and b, Vab, is showa The PWM angles used in the inverter, as weil as the 

fundamental kpency component (60 Hz) are clearly showa 

I I 
0.31 0.31 5 0.32 0.32s 0.33 0.335 0.34 0.34s 0.35 

Time Cs) 

Fig. 4.5 - M ' s  Line Voltage, Vab 



A Fourier analysis was paformed on the output voltage to daemime the hanncmic content of 

the voltage. The resuitbg h o n i c  spectmm of the l d 9 s  voltage is shown in Fig. 4.6. It is 

evident that the fint sigpincant harmanic is the 23d, as anticipated from the s e l a  PWM 

angles. The peak value of the fundamental component is about 2.3 kV, which is clase to the 

sought value of 1 .O pou For the voltage, the Total Harmonic Distortion m) is equai to 82.3% 

which indicates the need for hstdatian of harmonic filters on the I d  side. 

Fig. 4.7 shows the three line of I,, 1' , and I', being fed to the load The sinusoida1 

. 

1 

v 

nature of the currents is evident, even in the absence of filtering devices. This is due to the 

inductive nature of the load. 

O O 1 O 1 6  2Q 25 Sa 36 10 46 Sa a6 60 

Nannonic # 

Fig. 4.6 - Vab Harmonic Spectrum 

Fig. 4.7 - Load Line Currents 
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Fuaher Fourier analysis was condiiaod on the ninent wavefotms. The d t  is show in Fig- 

4.8. Again, the f b t  sigdicant hmmonic is the 23rd, althou& in the case of current, of a m h  

lower value, as pointed out d e r .  The THD for the nimnt is cmiy 4.8%. 

Fig. 4.8 - Ia Harmonie Spectnmi 

And W y ,  Fig. 4.9, shows the nal and reactive poweis, P and Q, tapped h m  the HvDc 

system into the local l d  The totai power is slightly less aian 1 l S  MVA, because of the voltage 

drop in the intermediate DC link. 

Fig. 4.9 - Laod's R d  and Reactive Powers 



The simulation d t s  shown in the above s e m  to vnify the f-ibility of the scheme, within 

reasonable operathg staaderds. Ah, the 1 MWîappedpoweris more thaaenough fmwwt of 

the isolated loaâs, as âkussed e d e r  in Section 2.1. 

4.2. DefmrCd @er&n of the Tdpping Sckeme 

Mer establishing the feasibility of the scheme, the operation of the system unâer variable line 

current and dineteat load c d t i o n s  was simula& In this stage, the mwave single-phase 

rectifier, dong with its voltage control teginle (Fig. 3.11) were incoprateci into the single- 

phase to three-phase converterAs weil, the local load was isolated fimm the siagie-phase to 

three-phase converter through a three-phase transformer. The voltage-source imrerter is still 

controlied by PPWM technique, and the firing angles remaia the same as before, despite the 

presence of the h - p h a s e  transformer in the load configuration. In a practicai case, however, 

the removal of tripplen harmonics can be done by the transformer, as mentioned in Section 3.4.3. 

It was assumed that the DC nimnt in the main DC line is 2 kA at the beginning of the tap start- 

up. A Local load of 1.0 MVA, with a lagging power factor of 0.8, was chosen to represent the 

peak Ioad The firing angles in the PPWM technique were calculated and chosen in anticipation 

of having the output voltage fne h m  the fint 10 harmonics, Le. harmonies number 3,5, ... 2 1. 

The system was started at Tirne4 S. At Timec0.2 S., when the tap capacitor C, has reached 

at steady suite operation, the single-phase rectifier is activated and the DC link capacitor begins 

to charge. At Time=3.5 S., Wh of the load is applied on the inverter. At Time=5 S., the load is 

increased to 70% ofthe maximum load, and finally, at Time4.5 S. the l d  reaches its peak of 

1 MVA. At T i m d  S., the DC cunrnt in the main DC line, starts to vary from 1 .O p.u to 0.5 

pu. and again to its rated value of 2 M. For convenieace, the variations in the DC current have 



been applied by a sinusoida1 wavefarm. The resuits of the first 10 seconds of the simuiation are 

presented hm.  

Fig. 4.10 shows the DC carrrat in the main DC line. 

Fig. 4.10 - Ciimnt in the DC Line 

Fig. 4.1 1 shows the output of the firhg n#iuency controiier. The hquency is about 800 Hz at 

no-load, and is increased as the load increases. The variations of the fkquency in response to 

the changes in the DC line current are evideat. 
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Fig. 4.1 1 - Tap's Firing Frequency 



Fig. 4.12 shows the positive and negative envelopes of the capacitor C,voltage.The pedc 

voltage, most of the tirne, Qes not exceed the set Innit of 4.5 kV, but Qang some transients, 

the voltage may exceed the limit temporariiy. For this reason, it is necessary to set the voltage 

limit slightiy below 4.5 kV. 

Fig. 4.12 - Voltage Envelopes for V 
Cl 

Fig. 4.13 shows the above mentioned voltage in the steady state. 

0.072 0.W3 
Seconds 

Fig. 4.13 - V in the Steady State 
Cl 



Fig. 4.14 shows the series tap voltage in the steady state. Because of the twepulse action of t&e 

series GTO btidge, the fkquency of this voltage is twia the bcpency of the voltage acroa~ 

the tap's capacitor, Vc . Also, it is evident that this voltage bas a DC value of about 0.5 kV, 
1 

which when multipliecl by the DC cumm of 2 LA passing t h u @  the tap, amounts to about 1 

M W  power, being tapped fhm the HVDC system, and fw to the local l d  and tap losses. 
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Fig. 4.14 - VI,, in the Steady State 

Fig. 4.15 shows the nirrent passing t h u g h  the tap capacitor, in the steady state, which is the 

combination of the DC line cuant and the primary c m t  of the single-phase transformer. 



Fig. 4.16 shows the DC linL voltage and the sethg for the DC linL voltage conaoiier. In the 

course of the system simuMion, it wru found that maintainhg a consûtnt DC linlc voltage f a  

the whole range of the I d  is @te hard, if not Unpossi€de, d the voltage Semiiig of the 

controlls needs to be adjustcd for various values of the load, to maintain a stable operation. 

The ad jment  was done in thme stepsy as was the appiication of the fiill load on the inverter. 

The decrrase in the DC Itilr voltage, which directly resuîts in a decfease in the three-phase 

voltage output, was compeasated by the tapchanger action in the tbm phase load transformer- 

O D C ~ Q I i . c f t o r w ~  0 D c l i n l r v o r m m ~  

2 4 5 6 

Seconds 

Fig. 4.16 - DC Link Voltage and Voltage Setting 

This point, as weii as the response of the system to variable DC .cutrent which wilI be shown 

Iater, indicate the necessity of considering alternative control meth& wbich while providiag 

the system with an acceptable performance, eliminate the need of a tap-changer in the three- 

phase transformer in order to maintain a constant I d  voltage- The SPWM methcxi introduced 

in Section 3.4.3, combiwd with an uncontn,Ued bridge d g m t i o n  for the singîe-phase 

rectifier will be employed in Chapter Five to eliminate this problem. 

Fig. 4.17 shows the output of the DC linlr voltage conttoUery a,rder ,issued to the thyristors in 

the single-phase rectifier. 



Fig. 4. 17 - Rectifier Firing Angle 

Fig. 4.18 shows the line-to-he voltage applied on the l d .  

I 

m.- o.of 9.98 8.m 
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Fig. 4.18 - Load's Line-to-Line Voltage 

Fig. 4.19 shows the Fourier hannonic spectrum of the same voltage. It is evident that the h t  

significant harmonic is 231û, as anticipated h m  the PPWM. The Totai Harmonie Distortion 

(THD) of the voltage is about 75%, which is slightiy smaller than the case where the th- 

phase transfomer was not employed, but still too large for pmcticai applications. 



Fig. 4.19 - Load Voltage's Hannonic Spectnun 

Fig. 4.20 shows the load curretlts 1,. 1' , and 1,. 

Fig. 4.2 1 shows the hannonic spectnim of 1'. The amen&, because of the filtering action of 

the inductive load and the -phase transformer, are more sinusoiclai, and the THD of the 

current, even in the absence of any filters, is about 4.5%. Again, the first signifiant hannonic 

is the 23rd. 



Hœnnonic W 

Fig. 4.21 - W s  Current S m  

And nnally, Fig. 4.22 shows the active and reactive powers, tappeâ h m  the HMC system, 

and fed to the local load. The Bow of power is reasonably smooth for up to 80% of the peak 

Ioad, and it starts to Vary in a margin of about +/- 5%, as the lac i  naches its peak value. 

4 6 
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Fig. 4.22 - Load's Active and Reactive Powas 

The oscillations becorne more severe, when the DC current in the WDC system starts to v~ry, 

and the maximum oscillation occurs when the M: current is at its minimum of 0.5 p-u. This 



can be attn'buted to the fàct that the ~013trol system paramettas are optimal fm a certain range 

of the looid As mentioned carlier, this kt, amoag other things, is considerrd as the indidon 

for the necessity of souaying altemative contro1 stmtegies in orda to ôe abîe to select an optimum 

set of contml mgimes and convertet bridge cOIlfigurations. 

It was showa, through the use of the d i g i l  simulation software package PSCAD/EMTDC, that 

the proposed scheme is able to operate as a small power w i n g  station to feed loads of up to 

1.25 MVA h m  an HVDC ttansmission system. The waveshopes of the tap voltage, as weU as 

the qualïty of the load voltage and current are within the expected margins. It was found, 

however, that the perfimmce of the control systems studied in the füst stage of the simulation 

needs improvement. 



Chapter Five 
System Operation with Alternative Control Regimes 

In the previous Chapter, the operation of the pmposed scheme was digitally simulateci, and 

the resuits showed the technical fwibility of the tapping station, using the variable 

fiequency regime for the series tap, both controUed and uncontroiled configurations for the 

singieghase rectifier, and PPWM technique for the three-phase inverier. 

The performance of the control systems, however, proved to be not as satisfactory as 

expected. In tbis Chapter, the @ormance of the system, in conjunction with the alternative 

contrai regimes introduced in Chapter Thrre, wül be studied, Also, the possibility of ushg 

orcünary thyristors instead of GTO thyristors in the series tap wiU be examineci. Similar to 

Chapter Four, the air-core nature of the single-phase transformer has been modeiled by a 

0.3 p.u. leakage =tance and a 309/. magnetizing cumnt in the existing conventionai 

transformer mode1 in PSCAD/EMTDC, and the accurate represmtation of the airare 



5.1. Connd Technique for the Inrcc~pAiase I n v H e  

To control the three-phaK voltagesource inverter, the PPWM techaime employed in the 

previous Chapter has ken npiaced by the SPWM throughout the present chqter. The 

fhquency of the t r i a n a  w8veform is chosen to be equal to 15 times that of the load 

fhquency. Fig. 5.1 shows the eqected ~~ua~e-wave inverter output, and the result of a 

Fourier analysis on it. 

o s  1 

Cycle 

Fig. 5.1 - Inverter Output and its Harmonic Spectnim 



As expected, the dominant harmonic is the 15th, with a 0.9 peu. magnitude, and the 

fûndamentd component bas a value of 0.75, equal to the selected rnocidaticm index, m. The 

dominant harmonic, as welî as other tripplen haunonics present in the vol- hauncmic 

specûum, i r  hamtonic numbers 27,33,45, anci so on, are expcted to k eliminated by the 

th -phase  transfônner. For the other barmonics, 4 med filtm, as well as one bigh-pass 

filter were designeci and utiiized in the simulation. Fig. 5.2 shows the configuration of these 

fllters, and in Table 5.1 the nmeric d u e s  of the filter components are presated. 

Fig. 5.2 - Voltage Harmonic Filtering Conf~gurations 

Table 5.1 - Numetic Values of the Filtexhg Devices 

As mentioned in Section 3.4.2, since the SPWM technique, in conjunction with the variable 

modulation index, m, is capable of operating with variable DC link voltage, the uncontrolled 



(diode) configuration has b e n  selecteâ fot the singlephase rectifier tbtougbut this 

Chapter. 

5.2. VanOb& Frequenty Vokage 

The operation of the tappïng scheme, initialiy, is simuiated witb the vsrieble fbquency 

regime for the d e s  tap. The system is stnried at TirneCo with a maximum DC cumnt of 

2 kA Afterthesteadystateisreached, thtldisappliedanthesysteminfout~, and 

at the peak load, the DC line cumnt stans to decrease to 0.8 kA, and again, is increased to 

2 kA. Fig. 5.3 shows the DC line current. 

Fig. 5.3 - DC Line Currnt 

The applied variation on the DC line curent is somewhat h t e r  than the variations in the 

nomal woiking conditions of an HVDC system, and the practicaî variations are expected 

to be slower, thereby givhg more time to the contro1 systems to react. The result be 

improved r d t s  compared to the ones presented hem 

Fig. 5.4 shows the output of the firing fkquency controlier. In response to the variations in 

the DC iine curtent, as well as in the local load, the fiesuency has changeci to maintain a 



smooth tapping operation. 

Fig. 5.4 - Firing Ffe~uency 

Fig. 5.5 shows the positive and negative mvelopes of the capacitor C voltage. The voltage 

has been kept within the set limit I4 kV. The peak voltage is slightiy d e r  than the set 

limit at vexy low DC h e  cwrents, but the effect on the amount of power being tapped, if 

any, is negligible. 

sccmds 

Fig. 5.5 - Vcl Positive and Negative Envelopes 



Fig- 5.6 shows the c q d t o r  voltage, Vc, , and the d e s  tap voltage, VW, in the steady 

state. Because of the two~pulse action of the series bridge, the fiequcncy of VTip is twice 

the k p e n c y  of Vcl . 
O vci O vmp 
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Fig. 5.6 - Vcl and Vîap in the Stcady State 

Fig. 5.7 shows the DC DC voltage VG. The variations in the voltage, which have d t e d  

fkom the vaziations in the DC line cumnt, and in the local 1- are cornpensated tbrough 

the SPWM controller action. 
V J  
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Fig. 5.7 - DC Lhk Capacitor Voltage 



Fig. 5.8 shows the modulation index, m, which is king adjusted by the ccmtroller shown in 

Fig. 3.15, in d e r  to mftintain a constant fundamental compcment magnhde in the three- 

phase inverter output. The inm are the exact minotof those in the DC lialvolîage. 
m 
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Fig. 5.8 - Modulation Index 

Fig. 5.9 shows the line-to-line mis voltage, V,, , applied to the 1d The voltage nmaias 

reasonably constant at the set value of 0.7 kV throughout the systern operation, thereby 

proving the efficiency of the SPWM technique employed. 
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Fig. 5.9 - h d  RMS Voltage 



Fig. 5. IO shows the active and d v e  powers, tapped fiom the WDC systcm, and fed to 

the local I d  The flow of power, because of the smooth lodvoltage, is rcasonably smooth 

thrwghout the system operation. 

1.725 3.315 
seconds 

Fig. S. 10 - Load Active and Reaaive Powers, P & Q 

And fïnaiiy, Fig. 5.1 1 shows the load voltage, Va,, , and curent, 1,. The lower order 

harmonics have been success~y filterrd out h m  the I d  voltage, but some higher otdet 

harmonics are stül present in the harmonic spectnmi. These Liarmonics can be fiirther 

decreased by a better design for the hi@-pass filter. 
O V d  O h  

4.47s 
reco* 

Fig. 5.1 1 - Load Voltage and Cunent, Vab & Ia 



In the next stage, tht system operatibn is simulated by employing a constant fkeqpency 

control regime for the sesies tap. The simulah'on is perfonned in several steps to study 

Mixent working d t i c m s ,  and the resuits arepre~eated hae. Tht fbqpencyis p s e t a t  

200 Elz and, srcept for the n o - I d  conditions, a 1 MVA impedance load is applied cm the 

tapping scheme. The selectsd capacitance for the series tap, i r  C *, is 180 pF 

In order to compare the actoai voltage and cirmiit wavefonils with the wavefomis exfracted 

theoretically in Section 3.4.1, the system is simulateci at two diffkent DC lhe cinrrnt levels. 

Fig. 5.12 shows the system variables for Id, = O.6kA. 

Fig. 5.12 - N o - I d  Conditions for ldc4.6 kA 



Because of the low DC cunetlt, the by-pass tirne f o r e  is zero, and the capacitor 

voltage is almost a wmplete trïangulrr wavefm. The tap voltage is the tectifIed version 

of the capacitor voltage. 

Fig. 5-13 shows the systnn variables fot Id, = 2 U  . 

Fig. 5.13 - No-Id  Conditions for Idc=2 kA 

In this case, because of the high DC cunent, the capacitor is king by-passed for a fiaction 

of each half-cycle. Dnring the by-pass period, the capacitor voltage remains constant 

because no load is applied on it. The fimdamental finsuency of the tap voltage, VTap, has 

remaineci the same, i.e. 200 Hi, but the hannonic spectrum has drasticaily moved towards 



higherordas. This underlines thecomlatimbetweenthe hsnnonics lnposedon the HVDC 

Iuie and the DC curent fiowing trou@ i t  

The simulation results are in m e n t  with theoreticaily eqected ones. 

5w3w2. SJwfem Opmaion wilik C o l ~ ~ ~ l l t  DC Cummt 

The system is simdated with two different constant d u e s  for the DC Lim current The 

purpose of this stage of the simulation is to examine the ability of the contmI regime to 

perform at two nasonably distant extremes of DC line curent. If the system is proved to 

be able to perform satisfàctorily, it can be expected that the system will be aMe to work for 

variable DC currents within the two limits examineci. In botb cases, the l d  is applied on 

the tapping scheme in four steps. 

1. DC Line Cwentof O.6M: 

Fig. 5.14 shows the current flowing tmugh the capacitor CI. The capacitor is king by- 

passed for a very small ûaction of each balfeycle, but the current in the capacitor 

experiences some jumps because of the primary cunent of the single-phase transformer. 

1 -81 45 1 .81~ 1 -8236 

r i e  Cs) 

Fig. 5.14 - Ciimnt in Capacitor Cl 



Fig. 5.15 shows the voltage across the capacitor CI. The voltage is vecy similar to the 

expected voltage, shom in Fig. 3.10. 

Vcl 

1 m a s  1- 1'PaCU 
Timt (s) 

Fig. 5.1 5 - Voltage Across Capacitor C 1 

Fig. 5.16 shows the ewelopes of the above voltage throughout the system operation. The 

Fig. 5.17 shows the tap voltage imposeci on the HVDC line. A very sho~ by-pass period is 

peak voltage has been successfbily kept w i t h  M 5  kV. 
0 -  O - v a  
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Fig. 5-16 - Voltage Envelopes for Capacitor C 1 



reflected in the voltage wavefii. 

Fig. 5-17 - Tap Voltage, Vtap 

Fig. 5.18 shows the harmonic spectnim of the tap voltage. The fundamental component has 

Fig. 5. 18 - The Hannonic Spectnun of the Tap Voltage 

It is clear that a wide spectnim of non-chatacttaistic voltage hannonics are king  imposed 

on the HM>C line. Also, the tap voltage has a DC magnitude of about 1.4 kV, which when 



muitipiied by the DC curent of 0.6 ICA 0owing through the series tap, d t s  to a tapped 

power of about 0.84 MW, which is behg suppiïed to the I d  load, as weii as the tapping 

station's power losses Detailed discussiolls about hatmonics is left fot Chapter Severi. 

Fig. 5.19 shows the intermediate DC linlr voltage, Vcs. Since îhe DC lins curent is constant 

throughout the system operation, this voltage drops slightly in nspoase to VBtlous local 1 4  

levels. 

Fig. 5.19 - Intermeâktte DC Link Voltage 

Fig. 5.20 shows the modulation index issueci to the SPWM wntrolier- 
m 
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Fig. 5.20 - Modulation Inda 
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Fig. 5.21 shows the mis load voltage, with a r e f ' i i e  voltage setting of 0.7 kV. 

Fig. 5.2 1 - Load RMS Voltage 

Fig. 5.22 shows the I d  active and d v e  powers. 

And fïnaliy, Fig. 5.23 shows the load's bto-Line voltage, and iine curent. 

a O Q  

Fig. 5.23 - Lad's Voltage and Cmmt 
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Fig. 5.22 - Load Active and Reactive Powm 
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2. DC tine Cwenr of 2 M: 

A similar simulation is &ne on the system with a DC line cimait of 2 kA. Fig. 5.24 shows 

the current in the capacitor C, . 

The DC line cunent flows through the capacitor for a short time during each halfkycle, but 

the totai capacitor current merses its direction very @cklyafter the capacitor is by-passd 

In the second half-cycle, the same process is repeated In Fig. 5.24.4 cycles of the system 

operation have been shown, and in each cycle, the two cumat reversais can be seen. 

Fig. 5.25 shows the capacim C, voltage. 



Despite the pecuiiar shape ofthe capacitor current, the voltage is sEnilsr to whet is expected, 

with the kpency of 200 Hz. 

Cs> 

Fig. 5.26 - Capacitot Voltage Envelopes 

Fig. 526 shows the eavelopcs of the capau:itor voltage- Again, the peak voltage is kept 

within the k4.5 kV. 

Fig. 5.27 shows the tap voltage. 
vop 

Fig. 5.27 - Tap Voltage 
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Fig. 5 2 8  shows the d t  of the Fowier analysis on the tap volfage. As mentioned in Section 

5.3.1, the harmonies are expected to have moved towads higher orders, with a reàuced 

magnitude for the h&mental component. A h ,  the DC componsnt of the tap voltage is 
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about 0.45 kV, resuiting in a tapped power of about 0.9 MW. 

-s Y 

Fig. 528 - Harmdc Spectrum of the Tap Voltage 

As mentioned earlier, the effects of these hannonics on the HVDC iine's operation wiü be 

discussed in Chapter Seven, 

Fig. 5.29 shows the DC iink voltage. 
vu2 

Tiras Cs) 

Fig. 5.29 - Intermediate DC Li& Voltage 

Fig. 5.30 shows the modulation index issueci to the SPWM controllet. 



Fig. 5.3 1 shows the load mis voltage with the set value of 0.7 kV. 

Fig. 5.3 1 - Load RMS Voltage 

And W y ,  Fig. 5.33 shows the load's hem-ihe voltage, Vab, and curent, 1,. 

Fig. 5.32 shows the active and reactive powm of the load. 
o r  O Q  

Fig. 5.33 - Load Voltage and Chutent 
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Fig. 5.32 - Load Active d reactive Powers 



53.3. Systar Qwmtibn w&k V I  DC Cllcrc~lt 

AAer establisbiag the aboi@ of the proposed scheme to WC& satisf8ctony at two diffbrent 

DC cmrrnt levels, the pedbmmce of the system, once more, is simiilated f8r a case in 

which the DC current i s  dccmseâ f9mi 2.0 LA to 0.6 iA, a d  then inc128sed back to 2.0 

kA. The load is simüar to the one in the previous two cases, and is applied on the tapping 

scheme, a& the steady date is reached 

Fig. 5.34 shows the DC h e  curent. 

f& 

Timc Cs) 

Fig. 5.34 - M3 Line Cumnt 

Fig. 5.35 shows the positive and negative envelopes of the voltage acmss the capacitor C , . 

ta 3 

CS) 

Fig. 5.35 - Voltage Vc 1 Envelopes 



Fig. 5.36 shows the DC b k  voltage. 
V d  

Fig. 5.36 - DC Li& Voltage 

Fig. 5.37 shows the modulation index issued to the SPWM controlier. The changes in m 

mirror the ones in the DC link voltage- 

Tims Cs) 

Fig. 5.37 - Modulation index 

Fig. 5.38 shows the load mis voltage. 

!a a26 S.376 

r- 

Fig. 5.38 - L,oad RMS Voltage 



From the three figures preseated in the previous page, it is evident that fin the DC current 

range of 1.0 to 13 IrA, some unwanted osdations ate presesit in the DC linL voltage. 

These oscillations, in tum, make the output of the modulation uidnt controk oscibtory, 

and d t  in si* osciikions in the l d  mur voltage. 

The reason for the observed oscilletions can be explaiued as foilows. As was shown in Fig. 

5.18 and Fig. 5.28, the harmcmic spca~n of the voltage generatd across the capacitot C, , 

and consequently, the harmonie spedrum of the tap voltage, is a fùnction of the DC current 

flowing through the HVDC line. At lower DC cutrents, the hamcmics of Iower order are 

the strongest, whüe at hi#er DC currents, the harmonic specûum wiii SM towards the 

higher orders. It is possible that at the above mentioned range of the DC line curreat, the 

harmoaics generated cause resonance between the intennediate DC link capacitor, C2, and 

the single-phase transformer. Since the mode1 used for the single-phase transformer is an 

approximation, this problem wili be negiected at this point. The @ormance of the system 

in conjunction with an accunite mode1 for the airare transformer wiU be simulateci in 

Chapter Six, and the presence of these oscillations, or lack of them, wili be examiad 

Finaiiy, Fig. 5.39 shows the l d ' s  active and reactive powers. The oscillations are a natural 

consequence of an oscillatory load voltage. 

Fig. 5.39 - Loaâ Active and Reactive Powers 



The selection between ordhary diyriston a d  GTO thyristors to k eniployed in the series 

tap is an important issue which wili a f f k c t t h e p e r f î î  o f  the fapping scheme, the ccmtrol 

methods used, the amount ofpownavailable fortappins andfulrlly, the k e d  sndopemting 

costs associatecl with the tapping station. 

The original proposai used GTO thyristors in the series tap, because in this way, there is no 

need for adâitioaal measures for pedomiing commutation on the switches in the series tap. 

However, ptactical difficuities which used to be associateci with the series oomection of 

GTO thyristors meant that only one GTO thyristor can be employed in each leg ofthe series 

tap. Throughout the current study, consequently, the emphasis was on the use of single GTO 

switches. It was shown tbat with single switches capable of withstanding peak repaitive 

voltages of up to 4.5 kV, powers of up to 0.8 MW can be tapped h m  the HVDC system. 

Recent developments in the solid state technology, however, have made the use of a number 

of GTO thyristors in series possible. For srample, a Static Condenser (STATCON) rated 

at Il00 MVA and instaiied by the Tennessee Valley Authority W A )  as a wntroiiable 

teactive power source in Sullivan Substation near Jobnson City, Tennessee, USA, uses 5 

GTO thyristors in series [25]. This means that by using a number of GTO thyristors in series, 

the power rating of the tapping station can be multiplied by the same number. 

A look at Fig. 5.6. reveals that with the variable fkqpency voltage contmi, the voltage acmss 

the capacitor Cl , which is very close to a trianguitu waveform, always provides a positive 

voltage across the nonanducting switches. This meam that if instead of GTO thyristors, 

ordinary thyristors are to be useci in the series tap, this positive voltage wiii tum the non- 



conducthg switches cm, whm the nring signal is issued to them, and the negative voltage 

experieaced by the coadiicting switches at the same mstmt wil i  tum thcm off, thaeby 

pedorming nanaal wmmutatioa in the Scrics tap. Aithough as it wms rnentioned in the above, 

ushg GTO thyriPtors in sesies has kcome possible d y ,  the use of onîhuy t h .  

means that no limitation wi. ex& on the way of using a number of switches in series tap, 

which in hm, di maice the tap's ntuig even highet. It also leads to a ckrease in the 

switching losses in the series tap, which seems a be considerably less for a thyristor hiâge, 

compareci to a GTO bridge with the same power rating [SI. 

The possibility of using ordinary thyristors instead of GTO thyristors in the series tap was 

examineci by simulating the system's performance in presaice of a thyristor bridge as the 

series tap. The number of thyristors in Senes is 3, and the l d  bas been inmasecl to 3 MVA 

accordingiy. The pnfonnance of the system was found to be exactiy similar to the one 

reportecl earlier in this Chapter. Fig 5.40 shows the envelopes of the voltage m s s  capacitor 

C , kept within a range of f l3 .5  kV. 

0 O - M  

Fig. 5.40 - Positive and Negative Envelopes of Vc 1 

Fig. 5.4 1 shows the active and teactive powers tapped fiom the HM)(: system, and fed into 



the local load. 

ûther variables of the system, because of thev similanty to previously presented d t s ,  

O F  O Q  

are not presented here to avoid redundancy. 
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It is concluded that in a tapping scheme which uses variable fiesuency voltage, GTO 
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thyristors can be replaced by ordinary thyristors, without aay compromise with regard to 
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secondm 

Fig. 5.41 - Load Active and Reactive Powen, 

the p e r f i o ~ c e  standards of the station. However, with the constant ne<luency methoci, 

this is not necessarily possible, because the waveshape of the voltage Vcl is not necessarily 

a triangular one. Looking at Fig. 5.25, it is evident tbat at high DC line currents, Vc, has 

drasticdy d m  h m  a trhnguiar waveshape to a new form, predictim of which for all 

situations seems impossible, and fian Fig. 5.35 it is evident that the positive or negative 

envelope of this voltage can be equal to zero for considerably long durations, compared to 

the time between each switching in the series tap. For this reason, the use of ordinary 

thyristors in conjunction with the constant m e n c y  method is not eqwâient, because of 

the nict that the voltage across the non-conducting switches can not be guaranteed to be 



large enou& at aLi switching instances. 

5.5. S u m m a ~  of the Chptla 

In this Chapter, the  ce of the system with SPWM controI technique fm the three- 

phase inverter was studied. The system is capable of tapping necessary power nOm the 

HVDC system with both variable and constant kqpc~lcy  voltages. It was also shown that 

if the variable fhqpency ngime is to kuseâ, ordmary thyristors auinplace GTO thyristors 

in the series tap. Finally, the series connection of switches wiU increase the powa rathg of 

the tapping station. 



Chapter Six 
Air Core Transformer: Analysis and Simulation 

As it was mentioned in Chapter Three, a significant advaatage of the proposeci scheme is 

the possibility of using a single-phase air-core transfomer to achieve docouphg between 

the high potential HVDC line and the ground potential local ld to be suppiieû. Such a 

transformer, compred to the conventionai h a  core aaiisfonnets, WU be las  expensive, 

the iosses are expected to be lower, and the weight of the transfomer will be lighter, which 

&es the tapping station easier to bW16 

Diffêrent aspects of the proposeci scheme's operation in conjuuction with a conventional 

single-phase, iton core transformer, whichhas high leaicage reactance and high magnethhg 

curent, were studied and the d t s  were presented in Chapter Four end Chapter Five. This 

Chapter is devoted to the theoreticai analysis and modehg of the air-con transformer and 

its performance in conjmction with the pmposed schane. 





each c d ,  as weîî as the mutuai iducmce between the two wib, as fhcticms of the coils' 

dimensions. To achieve this, severai mcthods, inclidlig computatid methods using M t e  

element th-, or ssimilar thdes ,  cm be used In the cinrnit sw, classicai elccttomag- 

netic theory was useci to develop nemsary relationsâips [2q. These relationships serve to 

give a g e n d  idea about the required dimensions of the transfbmer suitable fm a d 

tapping statioa Detailed study/design of the transforma, pmbabfy, wouid have to be based 

on the specifications of each tapping station independently. 

Inductance ofa conductor, L, is defineci as the ratio of the conductor's total flux iinkages to 

the current, 1, which the flux Links, or: 

in which N is the number of tums of conductors and p is the flux crossing the conductor's 

d a c e .  Therefore, to calculate the inductance of coils similar to the ones shown in Fig. 6.1, 

the flux which is created by a single cureat-carrying c W a r  conductot at a similat circular 

d a c e  piaced at a vertical distance g fbm it, as shown in Fig.6.2, mwt be f o d  

Fig. 6.2 - Two Co-axial Circuiar Conductors 



the ana on the -0 plene which is bide  the cide r=h, the fo110wÏng mlatiollship, known 

as BiotcSamrt Law, is useû to fiad the magnetic field iatensity at a g e n d  pointp(ry,O): 

in which mis the magnetic field intensity created by the di&rentiai cunnit elemeat La. 

Having the differential magnetic field intensity at the pointp, and considering the Êct that 

the magnetic medium in this paaicular case is air. the di f f i t i a l  magnetic flux density is 

equal to: 

in which po = 44 x IO-' is the permeability of the air. 

A linear integral of fPO d H  OVQ the uppa circle, gives the total magnetic &ix density 

for the point p, Le. B(x,y,O). Finally, a sinf8cc integrai of #B ds over the surfiice z=O 

and r=h, gives the total flux cmssing the lower circle, due to the curnnt in the upper circle. 

In other words, if the coordinates in the x-y plane are represented by their polar equivalents, 

i.e. (r, 8) , and if the angle on the upper chle is denoted by a, then the totai flux divided 

by cwent as a hction of the conductor's radius, h, and the distance between the two 

ckular planes, g, is f o d  by equation (6.4). 

h2u2n 
= kOJj 1 [rh-r2cosacos0-~2sinasi~O)(da) (a) (dr) 

I 1.5 
05-41 

4R [ (hcoscz-rcos~)~ + (ih~illa-mine)2 +g7 

Note that in order to develop equation (6.4), the following equaîities have been employed: 



Also, because ofthe symmeûy of the coafigutation, only vertical co113poneaW of dB 

Because of obvious diliîcuities ia fhding an dytical solution fm the triple inte@ in 

equation (6.4), a commacial mathematicai software package, Mathematica, was used to 

nurndcalIy find vaiues of q~ (h, g) / I  for digerent values of h and g. Fig. 6.3 shows the 

curves for 1 chc20, andg=O,1,2,or3.Bothhandgare inmeters. 

Circlc's Riidiuq b <ai) 

Fig. 6.3 - Flux per CumPt 

For -, the relationship is linear and can be rep-ted by: 

The self-inductance of a single circuiar conductor, therefore, is simply found h m  equation 

(6.8). Also, the mutuai inductance between two single circufar conductors with radius of h 



and separatecl by g, is #luel to p (h, g) / I  which can be founâ by nuutericai integratim 

with the same radius 4 and at the same vertical position, its sewinductPince i8 OQUBL to: 

Similady, the self-inductance of the coi1 number two with coacentmted tums is equaï to: 

The mutuai inductance ktween mils number one and two, with the above conditions, is 

equal to: 

For transformes, or in general, any two coupled CO&, the couphg coefficient is defined 

as [BI: 

Using equtions (6.9) to (6.1 l), the cwpling coefficient is found to be equal to: 

- (P (kg)  11 
- cp (h, O) 11 

Fig. 6-4 shows the coqling coefncient of the transfomer for g=l,2,3,4 m and 1 c h < 20 m. 

Fig. 6.4 - Coupihg Coefficient 



concentratedtums ineachcoii, thecouphg coefficient is indepex&at h m  the number 

of ainis in each wii. A b ,  the couplhg between the two coils impves as the radnts of the 

transformaincreases, d o t a s  the two COCO getcloserto cachother. 

6.3. D&t&uted Coi1 M i e l  

The relationshbps âeveIoped in the previous Section for the se~inductances and the mrmial 

inductance of  the two coaxial coils, were fouad b a d  on the assumptim of wncentrated 

hinis in each CO& The cdguratim pmposeâ for the airare transfomer, however, 

employes two cyLiadrical one-layer coils, eatch coruisting of a number of equi-radius tums, 

n, which are placed vertically on the top of each other. This distrt'buted configuration dUectly 

affects the amount offlux liakage at any given position, and thus the inductances associatecl 

with the CO& WU be ciiffirent than the ones given by eqyations (6.9) to (6.1 1). To take into 

consideration the effect of distriiuted coi1 tums, a short compter program was used The 

resuits of the program, to be shown in the foiiowhg, were verified experhentally. 

In order to take into consideration the effect of the distn'bution in the mils, the (h,  g) / I  

c w e  must be found for a constant d u s ,  h, and with the air-gap, g, as the variable. Fig. 

(6.5) shows these curves for 5 < h < 20 m, and 2 < g < 6 m. 

Fig. 6.5 - Fhut per Currrnt 



The computer program, then, is used to caicuiate the contri.bution of each tian to the total 

fln linlong the same wd, as weii as its contriiution to the total flux which is iinking the 

other coil, bedon  that turn's verticai positioa Each twn is considered to beaa independent 

single circulas conductot. This ammption seems feasonably accurate, comideriag the large 

radius of the mil compared to the conductor's diameter. The program inputs inclde the 

number of tums in each mil, the height and radius of each CO& and the air-gap distance. 

Using the speciiic 8 (h, g) / I  a w e  numeridy fond fa that specific radius, h, the seE 

inductances and the muhisl inductance are fomd The degree of accuracy of these cpantities, 

obviously, depends on the number of points calcuiated fa the flwclcutrent m e .  Fig. 6.6 

shows the flowchart of the algorithm used for calculating the self-inductances. A similar 

algorithm, in which the contri'bution of each aim of a coil to the total flux Linking the other 

coil is considered, is usecl for caidating the mutuai inductance. The flowchart for 

calculathg the mutuai inductance is not presented because of its similarity to Fig. 6.6. 

In order to examine the accuracy of the theoretically found relationships, as weii as the 

computer program which deais with the d is tnion in the coils, a prototype transformer 

with the same configuration as the proposeci air-core transformer was buiit and studied. 

Table 6.1 shows the specifications of the prototype transfonnat. 

Table 6.1 - Prototype Tnuisfonner Specifications 
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Fig. 6.6 - Flowchaa for Calcuiating the Self-inductances 



Using equation (6.4). the tp (h, g) / I  ciwe for O < g c 105 mm and h=175 mm wss foucl, 

and is show in Fig. 6.7. 

Fig. 6.7 - Fiux per Current for h=0.175 m 

The self-inductance of each coi1 was dùectly measured by a digital inducpiicemeter, and 

was found to be equal to 0.255 rnH for coii #1 and 0258 mA for coi1 #2. To measure the 

mutual inductance between the two coils, the foilowing codguration was used: 

Fig. 6.8 - Measuring the Mutual luductance 

A DC cunent is injected into coii a. Mer the current reaches the steady-state level of La, 

the switch S is opened. The voltage induced in the coi1 b, then, is eqyai to: 



The digital signai analyzer, DSA, integrates the voltage across the c d  b, and thezefore: 

Table 6.2 shows the resuits of the measurement for the mutuai indactance. The average 

meesined mutuai inductance is equai to 0.107 mH. 

Table 6.2 - M e d  Mutual Inductance 

It is notewortby that severai 0th- methods, including using an AC voltage source, for hding 

the mutual inductance cm be used. In this specific case, however, because of the very low 

impedance of the prototype transformer, it is very difltidt to h d  an AC voltage source 

capable of supplying relatively high cutents at very low levels of AC voltage (at a voltage 

of 0.5 V and a frecruency of 60 Hz, the current will be about 2 A). 

The seKinductances and the mutual inductauce between the two mils, were also calculated 

theoreticaliy. Table 6.3 shows the resuits. 

Table 6.3 - Measured and Calculateci Quantities 

LI,  

L, 

Ml, 

k12 

Measured (pH) 

255 

258 

107 

0.417 

Calculated (pH) 

257.93 

257.93 

112.06 

0.434 

Emr 

1.1% 

0.03% 

4.5% 
1 

3.9% 



The low Lm1 of error v d e s  the vaiidity and the accuracy of the theordical relaticmships. 

64.2. Di@àklSUriWn 

In order to examine the &gzee of agreement between the prototype transfomer's 

performance, and the ttansfomier modei in the digital simulation sofhware package PSCADl 

EMTDC, an open-circuit (OC.) test was +ormed on the transfmer, and the same 

conditions were digitally simuiated Table 6.4 shows the reSults of the OC. test, as weii as 

the circuit quaatities derived h m  them. 

Table 6.4 - ûpen-ckuit Test d t s  

Fig. 6 9  shows the voltages obswed in the lab, and the correspondhg EMTDC simulation 

Fig. 6.9 - Cornpison Between Lab and Simulation d t s  



The digital mode1 accurately simulates the behavior of the transformer, and thedore, it can 

be used to simulate the performance of iafger transformem, to be employed in the tapping 

scheme. It is noteworthy that the pchary voltage used in the laboratory, because of the 

specific powa supply useci, is distortod due to hannonics, and the harmonies are dected 

in the secondary voltage. The fidamentai components of the simulateci and m d  

voltages, however, are in good agreement, 

HaMng estabiished the validity and the accuracy of the theoreficd relationships, and because 

of the linear property of air, it is concluded that any ahone transformer with the proposed 

configuration, and with any sue, can be anaiyzed and its inductances can be found very 

accurately. The PSCAD/EMTDC software package, then, can be used to predict the behaMor 

of the whole tapping scheme. 

Table 6.5 shows the resuits of cddations for a number of large size air-çore tramformers. 

Table 6.5 - Caldation Resuits for Larger Transfomers 

As the length of the insulator strings in Manitoba's Nelson River EWDC scheme transmis- 

sion h e s  is about 3.6 m, the air-gap, g, is asswned to be equal to this value. h o ,  

Radius (m) 

1.8 

3 .O 

5.0 

10.0 

15.0 

20.0 

LI = L22 (mH) 

5 .70074 

10.90006 

20.5 1667 

46.26232 

73.94557 

102.90337 

Ml, 

0.17383 

0.8 1207 

2,923 18 

11.93017 

24.0961% 

38.26720 

k12 (%) 

3.0 
- 

7.5 

14.2 

25.8 

32.6 

37.2 



transfonaers have beea apsnmed to have 30 tums in each mil, and each coil is assumed to 

have a height of0.5 m. 

It is noteworthy tbat the author's conespondence with a Canadian manufacturer of ak-core 

reactors for high voltage applications, revealed that pnsent mamifécburing apipment iimits 

the radius of the ~eactors to 1.8 m, for wbïch the couphg coefficient wül be around 3%. 

Calculations for h d . 8  m a d  g=3.6 m have d t e d  in the same value. It is, however, 

bebeved that mandktuting expipent might be a d l  for iarger ct'ameters, if chere is 

enough demand for such coils. 

ln order to study the performance of the pmposed tapping scheme with an air-core trans- 

former, one such transformer was incorporateci into the system, and the system operation 

was digitaily simdated. The airare transformer has the specifications shown in Table 6.6. 

Table 6.6 - Transformer Specifications 
I 

N Height Radius L (mH) 

Coil#l 60 1.2 (m) 5 (m) 65.677 
I 

Coi1 #2 60 1.2 (m) 5 (m) 65.677 

With an air-gap of 3.6 m, the mutual inductance of the transfomer, rd IS , is equal to 9.56 

mH, and therefore, the coupling coefficient, k l2 , is 14.6%. 

The scheme is run with the constant fkcpency conml regïme for the senes tap, and the 

fiequency of the switching is set at 200 Hz. 

6.6 1. UnwmpemS(ICCd C~JL 

At the first step, the system is nui in a no-load situation to observe diffixent systcm variables. 



The ody difference between the present system and the ones studied in previous Chapters 

is the replacement of the smgle-phase transformer with the accurate malel deveIoped fm 

the air-core transfmer. No meesuns have been employed forcompmating the high mag- 

netizmgcpnmt in the transforma81Ed/orlowcoupüiigbetwcenthetwo mils. At this stage, 

the DC line current is set at a ccmstant vafue of 2 kA. 

Fig. 6.10 shows the c ~ m t  flowiag thtough the capacitot Ci , and the tap voltage. 

0305 03875 
Time Cs) 

Fig. 6.10 - Icl and Vtap 

Fig. 6.1 1 shows the positive and negative enveIopes of C . 
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Fig. 6.1 1 - Positive and Negative Voltage Envelopes 
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Fig. 6.12 shows thev01tageaaoss the transformer's pimsry, which is the same as the voltage 

acnws CI , a d  the tesulting secondary voltage. 

u vet 0 VaL 

Fig. 6.12 - Transformer Volîages 

The effect of low couphg between the two coils is obvious fkm the low secondary voltage. 

Fig.6.13 shows the currents in the transformer windings. Despite the n o - l d  conditions, a 

relatively high magnethhg current is flowing h u g h  the p r h q  winding. 
al* 0 -  
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Fig. 6.13 - Transformer Currents 

And fjnaily, Fig. 6.14 shows the DC linL voltage, and the nns value of the load voltage with 

a modulation index, m, of 0.3. The load voltage, obviously, is v a y  small(ll3 V mis) and 



wili not be sufEcient to feed even a sxnaü fiaction of the local lœd. 

Fig. 6.14 - DC Link and Load RMS Voltages 

For the above reason, and to compensate the high magnetiPng cuuent, it is necessary to 

connect a capacitor in series with each coil. 

To compensate for the high magnetizing current in the air-core transformer, a 15 pF 

capacitor is connected in series with each one of the coils. This wül cause the series capacitor 

and the se@inductane of each coi1 to resouate at a âepuency of 160 Hz,  which is below 

the applied fkquency of 200 Hz. The system is bmught to steady state at a DC line current 

of 2 kA, and then, the local impedance load is applied on the tapping station in three stages. 

At the fidi load, i.e. a load of 0.75 M'VA with a lagsiclg power f a r  of 0.8, the DC lhe 

current is decreased to 0.6 kA, and then increased back to 2 kA. 

Fig. 6.15 shows the DC line current. 
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Fig. 6.16 shows the cumnt flowing t b u g h  the capacitot CI , and the tap voltage in the 

steady state. The tap voltage bas a DC value of about 0.32 kV. 
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Fig. 6-16 - Capitor C m t  and Tap Voltage 

Fig. 6.17 shows the DC linL voltage. 
Vu2 

Fig. 6.17 - DC Link Voltage 

Fig. 6.18 shows the modulation index, m, issued m the SPWM controiler. 
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Fig. 6.18 - Modulation Index 
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Fig. 6.19 shows the load ans voltage, kepî at 0.68 kV. 

Fig. 6.20 shows the three-phase voltages applied on the Id in the steady state. 

Vrar 

Fig. 6.20 - Load Voltage 
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Fig. 6.2 1 shows the thtee-phase line cunents in the steady state. 
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Fig. 6.2 1 - L a d  Current 
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Fig. 6.19 - Load RMS Voltage 



~ n d  fhaïly, Fig. 6.22 shows the d ad reactive power fd to the local load h m  fhe HvDc 

0.8 . ------------- 

O 0.0 1 -8 27 3.6 

Time (s) 

Fig. 6.22 - Load Active and Reactive Powers 

It is noteworthy that the 600 kW tapped power is the maximum level which can be tapped 

through the air-core transformer, and the system is unable to deliver power levels higher 

than this. Nevertheless, this power level di seems acceptable for most of the isolated lm&, 

as discussed in Chapter Two. 

Also, unliLe the case studied in Section 5.3 3 ,  and illustrateci thtough Fig. 5.36 to Fig. 5.39, 

there is no oscillations in the DC liaL voltage, the l d  mui voltage, and co11~eqllently, the 

load power. This strengthens the merit of the assullption d e  in Section 5.3.3, which 

attributes the oscillations to the inaccurate mode1 of the air-cote transformer used there. 

The simulation results so fhr presented in the curreat Section, are in agreement with what 

is expected h m  the tapping station. However, l o o b g  at some other variables of the system, 

the resuits are not exady within the anticipeted limits. This variables are presented and 

discussed in the following. 

Fig. 6.23 shows the voltage acmss the capacitor CI in the steady -te8 



Fig. 6.23 - Capgcitor C 1 Voltage 

At fidi load, the voltage is within the f45 kV. But as Fig. 6.24 shows, the voltage positive 

Ti- CS> 

Fig. 6.24 - Vcl Voltage Envelopes 

and negative peaks are nearly double this value at no-load, or lower load levek. 
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The lwels are even higher for the voltage applied on the transforma's primary winding, as 
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shown in Fig. 6.25. 
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Fig. 6.25 - Primary's Voltage Envelopes 
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At nduad conditions, the voltage is as high as nedy 55 kV, and at full loaci, the lewel is 

around 30 kV. The hi@ voltage is causeci by the d e s  capacitar which is employed to 

compensate the high magnetizîng cument. The mechanism thmugh which the voltage across 

the primery wmdiag is increased can be ülustrated t b u g h  the foUowhg simple circuit. If 

the AC voltage across the capacitot CI is represented by a voltage souce, V, , and if 

the whole tapping station is represented by an R-L @dent, the pbasot diagram of the 

voltages is as follows: 

V, = V, = RI+jXLI 

Fig. 6.26 - Uncompensated Etpivalent Circuit 

The voltage applied on the primary winding is simply the source voltage. 

However, if a capacitor is placeâ in series with the prUaary windhg, the voltage appüed on 

the primary is no longer the source voltage. The phasor diagram ofthis situation is as foiiows: 

Fig. 6.27 - Compensated Equivalent Circuit 
t 



In drawing Fig. 6.27, it has been assumed that the capacïtot C and the inâuctor L are 

resonating at the â#ipe~iy in question, so the aurnit is in phase with the voltage source. 

It is evident that the voltage acfoss the primary winding of the transfomer is iarger thaa the 

source voltage, and it gets largct for higher capacitive reactances placed in series with the 

transformer. 

Fig. 6.28 shows the emrelopes of the voltage arrass the secondary wiading of the 

transformer. 
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Fig. 6.28 - Seconàary's Voltage Envelopes 

Because of the low coupling of the transformer, the secondary voltage is lower than the 

primary voltage. 

Fig. 6.29 shows the envelopes of the AC voltage applied on the single-phase rectifier. 
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Fig. 6.29 - Envelopes of the Rectifier's AC Voltage 



Regarding the high voltage acnws the capacitor CI , it cm be remedied by the series 

connection of two GTO thyristoR in the sa ies  tap, which is presently possible as discussed 

in Section 5.4. This will inctease the allowaMe peak repetitive voltage to 9 kV, which k 

SUfEiciently high for the case under study. 

Regardhg the high voltage aaoss the primary winding of the transformer, whkh has a peak 

of nearly 55 kV at the worst conditions, it may or may not be acceptable, but the d e m e  

answer is dependent on the design characteristics of the ak-core ttansf~mer. However, 

considering the f8a that the coi1 under study has 60 hirns, and a height of 12 meters, a peak 

voltage of 55 kV does not seem an impossible level to hanâie. 

6.7. Biomedicd E f l e c ~  of the Air-core Tronfotmer 

Haviag estabfished the feasibility of using air-core transformer in the tapping station, a d  

the possiaility of tapping up to 600 kW through a transformer with a radius of 5 meters, it 

is worthwhile to study the biomediai effects which the transfomer may have on the living 

objects around it. 

Almost concurrent with the development of elecrric networks, there has existed a concem 

for possible health effits h m  the electric and magnetic fields which pende the space 

around these networks. During the past few decades, numetous studies have been undertaken 

to examine the effects of these fiel& on human beings. Nevertheless, a u n i v d y  accepted 

standard for defining the safe levels of these fields has yet to be established Regardless of 

this, it is worthwhile to examine the magnetic field amind the air-core transformer. A 

reasonable guideline will be the magnetic field generated by ordinary home appliances, and 

or the earth's nanital magnetic field* 



To calculate the magnetic field outskie the two CO*, a computer program is d The 

program, briefly, uses the followïng reiaticmship, boum as Ampm's law [2q: 

to h d  the magnetic field intensity due ta the current in the two coüs at any given point 

outside the transformer. Based on Ampere's law, the line integrai of the magnetic field 

intensity mund any closed path is equai to the net value of  the current crossing the area 

inside the closecl path. Becawe of the AC current passing tbrough the transformer, the 

magnetic field, tao, has an alteniatùig nature, but the maximum field magnitude can be found 

by considaing the peak cunents in the coils. Also, the two currents, because of the large 

leakage reactance of the coils, are well out of phase, but for simplicity, a worst case scenario 

o f  having both c-ts in phase has been considered. The program, using e~uation (6.16), 

fînds the horizontal and vertical components of the magnetic field intensity at the point under 

consideration for tach turn of the coiis. The sunmation of ai i  horizontal and vertical compo- 

nents le& to the total magnetic field intensity at the point of interest, which when muitipiied 

by the air 's permeability, i.e. p,, , will result in total magnetic flux deosity at that point. 

Fig. 6.30 shows the transformer cumnts at the peak lmd, i.e. 600 kW. The peak primary 

current is 560 A, and the pe& secondary current is 350 A. 



Fig. 6.3 1 shows the magnetic flux density around the traasfinmer. 

Distaoce(m) 

Fig. 6.3 1 - Magnetic Flux Deasity amund the Traasfomier 

For cornparison, the earth's magnetic flux density, around 0.08 mT, and the maximum 

magnetic flwc density associated with many home appliances, around O. 1 mT [27, are also 

shown. The transformer's field is equai to the 0.1 mT Limit at a distance of 30.1 m, and it's 

equal to the earth's field at a distance of 33.8 m. Assigning a pmtected area with a radius 

of up to 30-40 meters mund the tiaasfomia presents no practical diffidties, as such an 

area is alieady covered by the WDC line's ri@ of way. Consequently, it is believed that 

an aircon transformer, with dimensions and power levels considered in this study, poses 

no health risks to the communities mund it. 

6.8. S u m m a ~  of the Chapter 

In this Chapter, using ciassicai electromag~letic theory, relationships for calculating the 

inductances of the air-coie transformer, proposed to be employed in the tapping scheme, 

were developed. 



A prototype transfollfler was Mt, and the laboratory d t s  proved the validity and the 

accuraçy of theoreticai relations&ips. A h ,  the performance of the prototype transf~~~ler  

was compaced to the d t s  of the digital simulation p d i e d  by the PSCAD/EMTDC 

software package. Experïmental and simuiatioa resuits are m good agreement. 

Next, the performance of the tapping scherne with a large air-core transf~~mer, with a radius 

of 5 m, was studied and it was shom that a load of up to 600 k W  can be successfidly tapped 

from the HVDC system. 

And finally, the possible biomedical effects of the transformer was studied It was shown 

that the magnetic flux density created by the transformer beyond the system's nght of way, 

is less than h t  of ordinary home appliances, and hence poses no health nsks to human 

beings. 



Chapter Sèven 
Design and System Considerations 

In Chapter Four, Chapter Five, anâ Chapter Six, the technid feasibility of the proposeci 

tapping scheme was studied and proven, The criteria for proving the technical feasibility of 

the scheme included the characteristics of the solid-state devices available on the market, 

the range of the power demanded by most of the isolateci communïties, and the reliable flow 

of power to the local load for various levels of DC powa k ing  transmitted tbrough the 

HVDC system. Besides these fàctom, however, s e v d  other design and system consider- 

ations mut  be addressed. Some of the features associated with a tapping station, e.g. 

switching losses, protection of soiid-state devices, the use of fiber optic channels for 

transmitting the control and firing signals to the high potential segments, are common to 

the majonty of HVDC systems, and have been addressed a d  examineci extensively in the 

Literaîure and in practical HMC d o r  power electronic htdiatios. In this Chapter, the 



emphasis is placed on the feahnes which are more or less specific to a series tap. 

Besides the electric Pnd solid state devices, introduced in this sdudy so fin, which seem as 

necessary parts of the tapping station, some otha elementP, hcluding three breakers, need 

to be present in the scheme. Fig. 7.1 shows the necessary cdguration of the series tap in 

conjunction with the WDC system [SI. 

Fig. 7.1 - Senes Tap Configuration 

To start the tapping scheme up, while the DC current is flowing through the Fast Bypass 

breaker, firing signais are issued to aii the four GTO thyristors in the series tap, and the Fast 

Disconnect breakers are closed Then the fàst Bypass breaker is opened, thereby, forcing 

the DC cumnt to flow through the series tap, without any dismption in the flow of the DC 

currentlpower. When the DC curnnt is completely diverted through the tap, because of its 

lower impedance compareci to that of the opened Bypass breaker, the current in the Bypass 

breaker cornes to a natural zero, without the need to any additional extinguishing measm.  

Then the contml regime of the tap cm tum two of the GTO thyristors off, and stan the 



mess of generating the sawtooth voltage acnws the capacitor C, . 

To bypass the tapping station, be it because of local or system fiuits, or for maintenance 

purposes, again, firing signals are h e d  to aii 4 GTO dryristors in the tap. The Fast Bypass 

breaker is cl& and the discomect breakers are opened, while GTO t h .  are sigded 

to turn off. The cuuent wil i  commutate tbrwgh the Fast Bypass breaket. 

W e  the Fast Bypass break= needs to withstand peak voltages of the orda of a few kV, 

i.e. that of VT,, , the Fast Disconnect breakers must be able to isolate the HVDC line 

potential h m  the gtound potentid, to ensure the safety of the maintenance crew. AU the 

tbree breakers, however, need to be rated for the system's maximum DC ciirnnt. 

In conventionai HVDC systems, each thyristor (switch) is Wpped with a number of 

protective devices. Fig. 7.2 shows two thyristors, in series, with their control and protection 

peripheral devices. 
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1 Fig. 7.2 - Series Tûyristors 



GTO thyristors, too, can be pmtecteà by means simüar to those of ordinary thyristors, as 

shown in Fig. 7.2. 

%2Je N & W & n  

The rate at which the ciimnt can build up ni a tuming-on switch, or <limminh in a tuming- 

off one, must be constrained to pment the switch fnw ovet-heating damage. This rate 

(which can u d y  be higher for a switch which is tuming on) depends on the design 

specifications of the switch in use, and is supplied with the device by the manufhcturet [23]. 

Typical maximum pemlltted Udt  values are between 300 to 600 A/ (ps) for available 

GTO thyristors[15]. Inductot L, , which is placed in series with egch switch, ensures that 

the current does not change more rapidly than dlowed by the switch's dUdt capability. 

Typical values of L, are amund a few p H  [23]. 

For the specifk configuration used in the pmposed tapping scheme, one might want to place 

one single inductor in series with the capacitor C , , instead of one inductor for each switch, 

to provide &dt protection. This will obviously lead to some savings in the k e d  cost of the 

station. However, since in some cases, including st;art-up and bypassing, the capcitor Cl 

may be bypassed through firing ail four switches, and the ninent wiil not go through the 

capacitor, each switch must have its own series inductor for dudt protection. 

Z2.2. dV& Protection 

Simiiar to the dVdt Mtation, the rate at which the forward and reverse voltage applied on 

a thyristor changes. must be constrained. A fiist-changing forward voltage, because of the 

junction capacitance in the switcb, C, may inject a cutrent equal to CE to the switch's dt 



gate, wbich may tum the switch on at the wrong tirne. To prevent this fhm happming, and 

in order to b i t  the rate at which the voltage can change, a R-C @ch, calleci the Srmbber, 

is pked inparalie1 witheachswitch. Resistor Rs aadcapacitor Cs are the snubbereiements. 

The values of these elernents dcpends on the specifications of the switch they are to pratect, 

as weil as systern variables iike the switching fkquency. Typicai values range ficrn 5 to 50 

R for the resistance, and h m  0.1 to 2 pF for the apacitance[23]. Typical m8xùllwn 

permitted &/dt d u e s  are ôetween 500 to 1400 V f  (ps) for available GTO thyristo~s[l5]. 

Zf3. Even Vodlcige Dbtdbutio~ 

When a number of switches are placed in series, it is important to cnsure that the voltage 

which is to k blocked by the switches is distriibutedeveniy across al l  the switches to pnvent 

over-voltage damage on some of them. Resistor 5, which is placed in parailel with each 

switch, ensures an even distri'bution of voltage [23]. 

7.2-4a Bre~R~dyer DM' @OD) 

ui some rare instances, the firing signals issueci to the switch are unable to turn it on, thereby 

causing commutation failwe in other switches which are supposed to be tumeci off. Nso, 

the control system, in some situatiom, may fd to issue a firing signal at all. The break-over 

diode (BOD), which is placed in the gate's cicuit, will force the switch to tum on, if the 

voltage amss it exceeds a set limit. 

7.3. System Proteciion CoderOt ins  

Protection coacems associated with the tapping station and the main system can be divideci 

to two main categories. 



The problems which can be presented by the main MrDC systern are as follows: 

I .  DC Over-Vokzge: Regardiess of the posaibility, or iack of it thereof, of a DC ovavoltage, 

this situation can not bami the series tap per se, but codd cause fiashover in the air-core 

transformer, or stress the bushings of the conventionai transfmer, whichever is usd in 

the scheme. The risL b similar with or without the tapping station and can be prevented by 

the wqe m e r s  at the two ends of the DC line. Ifthe fiow of the DC cumnt is intmpted 

because of  this protective action, the tapping station needs to be restarted after the âidt is 

cleared and the DC cutrent flow is re-established, 

2. DC ûver-Current: This situation can barm the switches in the series tap, but it aiso can 

harm the switches in the main converters. This situation wiU be prevented by the over- 

current protective measuns assigneci to the main converters. However, the series tap must 

be rated for the same transient overcurrents as the main converters to handie fàuit currents 

or commutation faiiures. If the Mt or disturbance is prolongex& the station's by-pass switch 

can decrease the t h e  of the overcwreat. Again, the tapping station has to be re-started a f k  

the DC current has retunied to the normal range of operation. 

3. DC Undernaeat ond Under-vohzge: These issues hava been addresseci in the Section 

7.5. Briefly, it was found, through digital simuiation, that curents of as low as 0.3 p.u are 

acceptable for the tapping station, and a DC under-voltage will have no effect on the tapping 

station's @ormance, as long as the DC current is present. 

Z3*2* Probkms Presented to the M i n  S-fron the T@ng Sroaion 

The problems which can be presented by the tapping station are as follows: 



1. Tunrsn Fmliae: Th~hclreticaily speakhg, ifa GTO thyristor f a  to tum on, wbile the 

GTO thyristor providing the alternative route for the muent bas been succes~y tumeci 

06 the fiow of DC cumnt, and ccmseqpently, the fiow of DC p w a  wili be intanipted In 

practicai cases, however, ,this situation wül be prevented ôy the BOD potectior~. 

2. Over-volage in the series capuci'tor CI : This situation does not present any serious 

probiern to the main system, but may cause serious damage to the non-conducting switches. 

The BOD protection, however, wili ensure that this can not happen by &hg the non- 

conducting switches. 

3. Local AC Fuults: In case of a local AC fiult (at the pund potential), the singlephase 

rectifier can be disconnected h m  the intermediate DC ünk, and the DC link capacitor can 

supply the local load for a short tirne, depending on the size of the capacitor. The rectifier 

can be re-activated after the huit is c l e d  Since the DC Iinlr capacitor may have some 

charge remaining in it (again, depending on the size of the capacitor, and the duration of 

the fault) the transients imposed on the series tap might be lower than normal start-up 

conditions. 

7.4. Faults on the Single-phase Transfor~er 

The most serious disturbances which can be imposed on the main systan by the tapping 

station, seem to be shoacimiit and open-circuit faults on the windings of the single-phase 

transformer. To study the impact of such fa&, the tapping station is simulateci in 

conjmction with a modified versionofthe CIGRE Benchxnark Mode1 [28], [29]. This model, 

bnefly, is a 1 0 0  MW, 500 kV, 12 pulse, monopoiar HVDC system. The only modification 

in the system is the replacement of lumped elements representing the trammission line, with 



the dismhted mode1 of a 900 km overhead line in PSCAD/EMTDC. The height of 

tmnsmissiontowers is 40 m, and the sagat the midpoint ofadjacent towers has beenassumed 

to be equal to 10 =The tapping station has ken pIaced at the@dpoint of the transmission 

ihe, i.e. 450 km h m  each d Fig. 7.3 shows the study system used for simulation. 

Rectifier 1 - Iaverter 
œ 

1000 MW, 500 kV, 12 Pulse 

SI: System Impedance FC: Fixed capacitor 
LFF: Low Fteqllency Filter HPF: High Pass Filter 

Fig. 7.3 - The Study System 

7.4.1. toading and CuteffFauIt 

First the impact of loading the tap on the WDC system is studied After the tap is bmught 

to the steady-state operation at full l d  (amund 600 kW), the secondary of the singie-phase 

transformer is opened to observe its impact on the o p t i o n  of the main system. The 

foilowing is the chah of events at this stage of simulation (aU tMes are in seconds): 

- Time = 0.0: The main system is started, 

- Time = 0.6: The tap's singie-phase rectifier is activated, 



- Time = 09: 33% of the l d  is applied on the tap, 

- Time = 1.3: The load is increased to 66%, 

- T h e  = 1.6: The load is increased to 1000!%, 

- Time = 2.0: Rectifier's breaker is opeaed, the DC link voltage star& to colîapse, 

- Time = 2. L : Rectifier's bteaker is closed, the DC iink voltage starts to recover, 

- Time = 2.25: The sy&m is not able to ncover Wy, 33% Ioad-sheddhg is pafbrmed, 

- Time = 2.5: The system has stabiïizeà wùh 66% load, 

- Time = 2.7: The l d  is again increased to IOODh, 

- Time = 3.2: The system is working stably. 

Fig. 7.4 shows the DC link voltage, the modulation index, and the local load's rms voltage. 

V& 

Fig. 7.4 - Tap's Variables 



shows the local ld ' s  active and readve powers. 
O P  O Q  

Fig. 7.5 - Load's Active and Reactive Powers 

The smaii capacitance chosen for the intermediate DC link (1.0 mF) is not able to supply 

the local load in the event of a cut-off, so a larger capacitance may be needed, if the supply 

of power is to last longer during the tgults. Also, the jump in the local load's nns voltage 

afier the 14-shedding is performed may cause some over-voltage protective measures to 

react and discomect the tap h m  the local load altogether, so a d e r  percentage of load- 

shedcihg might be able to help the system ncover without too much jump in the load voltage. 

Fig. 7.6 shows the envelopes of the voltage acmss the capacitor C , . The p e d  voltage does 

not greatly surpass that of the no-load conditions. 

Fig. 7.6 - Envelopes of Vc 1 



Fig. 7.7 shows the variables of the main system. 

Fig. 7.7 - Main System's Variables 

Due to lack of DC flters in the study system, DC voltages are rich in characteristic 

Fig. 7.8 shows the firing ag ies  issued to the rectifier and the inverter by the contml system. 

1.6 

Tirne Cs) 

Fig. 7.8 - Firing Angles 



Aithough the operation of the main system appears to be Mally unJiffécted, it is worthwhile 

to examine some parameters in more detailS. Fig.7.9 shows the DC power at the inverter 

and the nring angles during the pcriod after the cutoff fiOlt has occurred 

Fig. 7.9 - Main System's Variables in Deîailed Mode 

Mer the tap has been cut off h m  the main system at time =2.0 s, the DC power at the 

inverter shows a jump of around0.006p.u. whichcornsponds to the 600 k W  powerrejected 

by the tapping statioa Compensating action by the contml system, through incrrasing the 

firing angles at both ends of the HVDC system, brings the power back to its pre-faut value. 

Clearing the fàult at Time=2.1 causes an equal drop in the M: power at the inverter, util 

the consquent decrease in the firing angles brings the power back to its set fevel, again. At 

Timec2.7, when the load is increased to lûû%, the DC power drops once more, but the 



control system operation compensates this very quickiy. 

The resuits shown hem pmve that not ody does a cut-offfhult in the tapping station have 

no serious ConseQuences foi the main system, but also show that the conttol system 

associated widi the main system is capable of keeping the aperaticm k h c e d  (Le. the 

rectifier power to be equai to the reqyested power by the inverter plus the ta@ power) 

without the necd to get any contml signais b m  the tappiag station. 

The cut-off huit is not applied on the primary windiag of  the transformer, because it is 

expected to be similat to a cut-off on the secondary. 

Similar to the previous case, the sysiem is brought to the steady-state, and then, at fidl load, 

a phase-to-ground hult is applied on the secondary of the transfomer. The chain of events 

are as follows: 

- Time = 0.0: The main system is startecl, 

- Time = 0.6: The tap's single-phase rectifier is activateci, 

- Time = 0.9: 33% of the load is applied on the tap, 

- Time = 1.3: The load is increased to 66%, 

- Tirne = 1.6: The load is increased to lûû?/o, 

- Time = 2.0: The M t  is appiied on the transformer winding, 

- Time = 2.1 : The M t  has been cleared. 
h 

Unlike the previous case, the flow of power to the local load, as well as the flow of the DC 

power in the main system, has not been affecteci at aii and ail other parameters remain the 

same before and after the fâuit has occurred and cleared This is because of the fact that the 



secondary of the transfmer is not grounded (only the secondary of the three-phase 

t r a a s i e r ,  i.e. the wye winding on the local Ioad side, ha9 been grounded), so a phase-@- 

ground fault d t s  in no abnonnality. Fig. 7.10 shows the power tapped into the local load 

Timt <q 

Fig. 7.10 - Local Load's Active and Reactive Powers 

And Fig. 7.1 1 shows the DC power in the main system. 

Fig. 7.1 1 - DC Power in the Main System 

7.4.3. P~~s&o-phase Fau& on the TmnsfomePs Seconr10ry 

The system is bmught to the steady-state, and then, at full load, the short-chxit is applied 

on the secondary of the transformer. The chah of events are as foIIows: 

- T h e  = 0.0: The main system is stsrted, 

- Time = 0.6: The tap's single-phase rectifier is activated, 



- Time = 0.9: 33% of the load is appiied on the tap, 

- T h e =  1.3: T h e l d i s  increasedto66%, 

- Time = 1.6: The load is increased to 1 Wh, 

- Time = 2.0: The short-circuit is applied, the DC Iùilr voltage star& to coilapse, 

- Time = 2.1: The short-circuit has ken cleared, the DC LiiIL voltage stirrts to recover, 

- Time = 2.3: The system is uaable to recover W y ,  33% Id-shedding is pedbrmeà, 

- Time = 2.6: The system has stabilized with 66% load, 

- Time = 2.8: The load is again incce8sed to LW!, 

- Time = 3.2: The system is wodchg stably. 

Fig. 7.12 shows the DC Liiik voltage, the modulation index, and the local load's niis voltage. 

Fig. 7.12 - Tap's Variables 



Fig. 7.13 shows the local load's active and mactive powers. 

s 
P 

Fig. 

Fig. 7.13 - Local Load's Active and Reactive Powers 

7.14 shows the envelopes ofthe voltage amss the capacitor C . Again, the peak voltage 

does not greatiy surpass that of the no-load conditions. 
a O - H  

Fig. 7.14 - Envelopes of Vcl 

Fig. 7.15 shows the DC power in the main system. 

Fig. 7.15 - Main System's DC Power 



The &ts shown here pmve that a phase-to-phase (short-circuit) M t  on the wcondary 

windiag of  the singie-phase transf~~mer bas no serious collse~petlces fm the main system's 

operation. 

Z 4.4. Pho~~tolground Fa& on rkc T ~ f o m e r ' s  Abnap 

The single most serious M t  is eqected to be a phase-to-pund M t  on the transf~~mer's 

primary winding. This M t  shouid have the effect of an ordinary iine-to-pnd fiiult on 

the HVDC system, but the tapping station may also be strained because of i t  To examine 

the effects of such a fa&, the system is bmught to the steady-state, and then, at fuu load, a 

solid phase-to-ground fàult is applied on the primary of the aruisformer. The chah of events 

are as follows: 

- T h e  = 0.0: The main system is starkd, 

- T h e  = 0.6: The tap's single-phase rectifier is activated, 

- Time = 0.9: 33% of the I d  is appiied on the tap, 

- Tirne = 1.3: The load is inc~eased to 66%, 

- Time = 1.6: The load is increased to 1 Wh, 

- T h e  = 2.0: The phase-to-ground fadt is applied, the DC line voltage collapses quickly, 

the DC h e  current is âecreased to 0.55 p.u. (1.1 kA) by the control system, 

- Time = 2.1 : The niult has bcen cl& the DC line voltage rrsnalis zero, the DC powet 

transfetremainsstoppeâ,theDClinecurrentremainsat 1.1 kA, 

- Time = 2.4: The system is not alowed to resume DC power transfer by the conml system 

but the tapping station is worlring normaily, due to its cumnt-source nature. 

Fig. 7.16 shows the DC iink voltage, the modulation index, m, and the local load's mis 



voltage. 

o.. 

Fig. 7.16 - Tapping Station's Variables 

Aithough the DC line voltage has coiiapsed after the huit, the Bow of a 0.55 p.u. DC c ~ m t  

in the DC line ailows the tapping station to continue its operation, with miwr disturbance, 

due to the fast reaction of the SPWM controiier. 

Fig. 7.17 shows the local Ioad's active and reactive powers. 

Fig. 7.17 - Local Load's Active and Reactive Powers 



Fig. 7.18 Shows the enveiopes of the voltage across the capacitor Cl . 
0 -  0 -  

Fig. 7.1 8 - Envelopes of Vc 1 

Immediately der the fault, the negative envelope jumps to -82 kV, but starts to return to 

its pre-fault value very quickty. It takes 0.1 3 seconds before 'the voltage is at its pre-huit 

level. The reason for such a huge jump in the capacitor voltage can be explained as follows. 

Prior to the fault the voltage measurement is king Wormed between the two tenninals of 

the transformer's primary winding, and therefore, the voltage observed is equal to the voltage 

generateà across the capacitor C I .  AAa the fa& one terminal of the transformer winding 

is grounded, whüe the other is stiU at the h e  potentai, and thmfore, the observed voltage 

(the voltage experienced by capacitor C,  ) will be the dîfîerence between the line poteniid 

and the pund Of course, the line voltage is 500 kV Mot to the fauit, but the forced- 

retardation act @ o d  by the rectifier contml, through which the firing angle goes to 

aromd 90 de-, brings this voltage back to zero vey fast, and after that, the observed 

voltage is, once again, the saw-tooth voltage generated by the tap. This kind of ova-voltage 

can be detrimental to both the capacitor and the transformer, if enough over-voltage 

protecting measuns, e.g. a surge mester, are not placed in parailel with the capacitor. 



The jump in the primary's voltage causes a temporary rise in the secmday voltage, and 

consequently, on the intemiediate DC Iuilr voltage. The SPWM controllet, however, ensures 

a minimum e f f i  on the local l d s  rms voltage, and thus, on the flow of power to the 

local load. 

Fig. 7.19 shows the main qmtem's variables. 
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Fig. 7.19 - Main System's Variables 



The DC voltage is  fond to zero BRCT the huit has occurred The DC cumat is set at 1.1 

LA, but the DC powa flow is totally stopped, because ofthe zero DC voltage. As there is 

no Automatic Voltage Regulator (AVR) installeci on the AC source ofthe study system, the 

AC mis voltage at the d e r  side has jumped because of the ld-~ject icm phenomencm 

(the AC system is not an M t e  bus, and has a SCR [3] of 2.5). 

It is exgmted that the recovery of the main HVDC system, through graduai build-up of the 

M: voltage at the two en&, wiü not disturb the tapping station's pedormance, again, because 

of the mt-source  nature of the tap. 

Fig. 7.20 shows the nring angles issued to the main system's converter by the control system. 
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Fig. 7.20 - Main System's Firing Angles 

The results shown h m  indicate that a phase-to-pund fault on the transformer's primary 

winding WU have the same effect on the HVDC system as a normal lhe-to-ground fault. 

However, an increase in the number of such hults, because of the addition of the tapping 

station, is not expected, because of the high de-couphg provided by the abcore 

transformer. 

7.5. Control Consideratibns 

As mentioned in Chapter Two, the control regime for a smaU tapping station must be stnctly 



local. This is because of the fact that an intepteci control system for the whole HM)<: 

system, includmg the tapping station, necessitates more complex communication and 

control systaas to be employed, which in tum, wili lead to a higher nxed cost for the whole 

system. The high wsts 8SSOCiated with such a cornplex communication system will pmbably 

overshadow the usefblness of the tapping station, and wiil pmbably make other alternatives, 

Like local generation or AC trsnsmissi . * 
on, more acceptable. 

%XI. Vaving DC Line Cumm 

It was observed that the proposeci scheme, dong with its control regime, is capable of 

supplying a smooth flow of power to the local ioad for a wide range of DC line current, i.e. 

from 0.3 p.& to 1 .O p.u. (with a base ciurent of 2 M). However, the n o d  operating range 

of the conventional HVDC transmission systems, includes DC cullents h m  0.1 p.u to 1 .O 

p-u. Because of the p p s e d  scheme's inability to supply the local lod for the whole range 

of the DC line current, the configuration shown in Fig. 7.2 1 was studîed. 

Fig. 7.21 - Multi-step Capacitance and its Controller 

S, closed 
S, closed 

0.55 < 1 < 1 

* 

* 
Level 

- k0.05 h 

S, closed 

o. 1 c 1 < 0.5sm, ~2 - 



The idea is to use the fidi capacitance at higher levels of the DC current, and reducing the 

capacitance to 5Wh at lower cumnts, where based on e~uation (3.4) the low capacitance 

will lead to higher capacitor voltage. The multi-step capacitance is controlled tbrough a 

controUa, in which the DC cuüeat fiuctuatio~ts smaller than 0-05 p-u. are unable b change 

the capacitance to avoid unnecesssry osdations annmd the boundary of the two current 

mges. 

The operation of the system with the muiti-step capacitance was digitally simulatecL The 

resuhs, which are not presented here, showed an excessive amount of transients, the result 

of which is a total coliapse of the Vfip, and consequently, a Ml disruption in the flow of 

power to the local load (diere is no effect on the operation of the main system). To remedy 

the problem of transients, the number of paraiiei capacitors were increased to three, each 

having a value of C/3. Still, the transients are much more sever than the tapping scheme can 

tolerate. An impractical case (hm the economic point of view) of six paralle1 capacitors 

was also examined, without much improvernent. 

It is, therefore, concluded that the performance of the tapping station for the whole range 

of the DC üne cment, i.e. h m  O. l pu. to 1 .O pu., requVes fÙrther investigation, or perhaps 

alternative initiatives similar to the unsuccessful muiti-step capacitance. However as showed 

earlier, the tapping station and its contmi system has no difficulty for smooth transition of 

current fhm 0.3 p.u. to 1.0 p.u., or as showed in Section 7.4.4., in the case of a sudden jump 

in the current ievel due to a fault. 

7.5.2. Varying DC L k  W g e  

The power tapped through the proposed scheme, is totally .independent of the DC line 

voltage, because of the current-source uature of the s e e s  tap. This means that the tapping 



station does not need any information with regard to the DC line voltage set by the main 

converter stations. Tbis was showed in Section 7.4.4. 

Therefote, the requimment of the -hg station's control king totalty local has ban 

achieved. The main convaters at the two ends of the HVDC line, however, must be able to 

take into consideration the drop of the DC voltage on the line, while setting the power and 

current orders at the rectifier end, andthe voltage orderat the invater end This arrangement 

seems #te possible thugh the existing control a d  communication system associated 

with the HVDC systems, as observed in Section 7.4. 

7.6. DC Vokge Hamaonic Content 

As mentioned in Chapter Five, the imposed DC voltage drop on the HVDC iine is rich in 

non-characteristic harmonics. Voltage hannonics, because of their mwatlted effects on the 

system, including their interférence with adjutant communication systexns and their role in 

increasing the system losses, have to be strictly limiteci. For this m o n ,  tuned and high- 

pass voltage filters are, as a matter of standard, installed on the DC side of the system. 

Although there exists a U13ivefSally accepted standard for the maximum aliowable amount 

of voltage harmonics in AC systems, i.e. the IEEE Standard 519-1992 which calls for a 

Total Harmonic Distortion (THD) of l e s  than 5%. such a M i v d y  accepted standard for 

DC systems has yet to be established. Nevertheless, based on the maximum aiiowable 

Telephone Interfetence Factor (TIF), differeat national standards andor regdations call for 

different maximum allowable limits of the DC voltage distortion. These limits an usually 

around 1 % (in the case of New Zealand) to 2% (in the case of Manitoba) of the DC voltage. 

The Total Harmonic Distortion, with respect to the DC voltage, due to the first n harmonics 



is found h m  the foiiowiag dationship: 

in which Vi is the megaitude of the ith hannonic. 

Fig. 7.22 shows the absolute vaiue of THD (Le. the sumumtion of the voltages has not been 

divided by the DC voltage) for the hacmoaic spectrum of Vr,, at a 0.6 kA DC current and 

fidl load (the harmonic spectnim is show11 in Fig. 5.18). 

Harmonic # 

Fig. 7.22 - THD for Idc=Od kA. 

Obviously, the £kt 7-8 harmonics constitute the bu& of the voltage distortion, and the TM) 

for the fïrst 200 harmonics is equal to 3.28 kV. With a 500 kV DC voltage, this translates 

to a 0.66% THD which is probably acceptable in most of the conventionai HMC systems. 

Fig. 7.23 shows the THD for the hatmonic spectnim of VTap at a 2.0 kA DC current and 

fuil load (the harmonic spectrum is shown in Fig. 5.28). Since the DC line cunent is higher 

than the previous case, it takes a smder imposed DC voltage to tap the same amount of 



This translates to a 0.3 1% THD an a 500 kV DC line, which seems reasonably small. 
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Hannonic # 

Fig. 7.23 - THD for Idc=2.0 kA 

7.7. Additional Considera&ns Regarding Sedes and Pardel Tqps 

In Chapter Two, a brief introduction to the two categories of tapping stations, Le. series and 

parallel taps, was presented. It was memioned that for various reasom, includhg economical 

and operational reservations, s k e s  taps are most suited for supplying very smali looids, 

while piarailel taps seem to be more attractive in the cases whem the load to be supplieci is 

larger, and comparable with the main terminais' ratings. References [SI and [13] provide 

more detaiied cornparisons in this regard Having saidied différent aspects assaciated with 

series taps, it is worthwhile to present a cornparison between these two categories b m  two 

other angles, i.e. reliability and station power losses. 

Reference [5] provides adeqyate information with regard to the issue of reliabiiity 

assessrnent for power tapping stations. The authors of reference [SI believe thet: 'With 



edvanced converters and controls, d sa ies  taps having minimai diance on communi- 

cations and actions at the main Stations shouid be possible without undue impact on overaiî 

reliability"- DBierent fauit analyses p e r f o d  on the proposai series tap, and presented in 

the current Chapter, directIy ver& this assertion- On the other band, a study Qne at Ontario 

Hydro in 1991, and repotted by zeféreoce [SI, which evaluated the reliability of a proposai 

+/- 500 kV HVDC wnnection between Manitoba and Ontario in the p e n c e  of two d 

reversfile paralie1 taps showed that the additional taps inmaseci the pmjected outage 

fieqwncy of the whole HVDC system by a factor mging fiom 1-5 O 1.8. This meam tbat 

the Uicrease in load meeting capabiiity at the tap terminais Q obtaiaed at the expense of an 

increased fkqtency of momentary outages at ail temiinalY on the affectesi pole for isolation 

of a hulty converter. 

It c m  be argueci that the proposeci series scheme utilizes thne independent converters, each 

one of which bas its own control sûategy, wlde a p d e l  tap uses ody one converter, or 

in the case of a 12-pulse scheme, two identical converters in series. The larger number of 

converters in the series tap, accordhg to this argument, means a higher Ikpency of 

converter outagedfauits, and therefore the reliability seems to be higher for the paralie1 tap 

compared with the series tap. 

To couter the above argument, two points need to be mentiond First, two of the converters 

used in the series tap, Le. the singiephase diode rectifier and the thtee-phase voltage-source 

inverter, have been in use for many years now, and are amongst the most standard power 

electronic items useci. This merms a high degree of reliability for these two converiers. 

Secondly, even if the freriuency of outage is higher in the series tap, it is safé to say that 

almost all the outages wili only afféct the local l o d  which by nature, is fat las significant 



than the main HMK: system. ûn the other hanci, the majority of fiults in a pardiel tap, like 

commutation failure in the inverter because of high local M t  cvrent or because of high 

DC cumnt divatcd thmugh the paralle1 branch, wül intempt the flow of powa in the 

whole HVDC pole. 

To sumniarize, while the series tap is not able to a f k t  the reliabüity of the m a i .  ENDC 

system ami its mdhction & i t s  d y  the local load, the paralie1 alternative presents a fir 

more serious thnat to the heliaôility of the whole system. 

1. I.2. SrrKs vs. Pamüèl Tqpsr Powrr Losses 

As it was mentioned in Chapter TWO, there are cases of isolated laads in need to be connected 

to the nearby HMX: systems, where ail other alternatives, Like local generation or AC 

transmission lines, are much more costiy. In such cases, the power losses associated with 

tapping stations are considerd a very small pnce to pay and are not of an inhicbitive 

magnitude. However, it is worthwhile to have a bnef @tative cornparison between the 

two tapping alternatives with regard to power losses. 

Traditionaily, the nature of solid state devices used in power electronic applications, and 

the design of converters are such that the power losses in the converter are of a magnitude 

of around 2% of the power rating of the converter. To verify the accuracy of the above loss 

range, coasider the single-phase bridge in the proposed scheme which is placed in series 

with the DC line. If in each branch two GTO thyristors are placed in series, as mentioned 

in Chapter Six, a total of 8 GTO thyristors will be present in the converter. At the fidl DC 

line curent, Le. 2 kA, the average @C) curent ps ing  through each branch is equal to 1 

kk If the on-state voltage dmp amss the GTO thyristor is asswned to be equal to 2 V [15], 



the total power losses in the series converter will be oqual to: 

Ploss = 8 x 2 ~ 1  = 16kW. 

At a local power wasianption of 600 kW, the losses amoums to 2.67% of the ta@ power. 

Considering simüar pemntage of power l o s  for aii the converters used in the series and 

paraUe1 taps, it seems that the powa losses in the series tap are hi* than that of a parailel 

tap with the same powa rating, because of the iarger number of converters in the series 

alternative. 

The above disadvantage for the series tap, however, is not relevant because it is based on 

the assumption that for a smaU loaà, both series and perallel taps are faible. In practice, 

however, it seems that this assumption may not be acceptable, because, again, the cost of a 

lowgower, hi&-voltage parailel tap, including the three-phase conventional transformer, 

is far higher than a series tap using an air-core transfomer, thw maLing the power losses 

comparison &levant. 

7.8. Summav of the Chpter 

In this Chapter, some design, protection and control considerations associatecl with the 

proposed tapping station were addnssed. 

It was shown that the tapphg station has no or very iittle negative impact on the operation 

of the main HVDC system. The control system required by the tapping station was shown 

to be independent of the main system's controls. A~so, it was shown that the amount of 

voltage harmonies imposed on the DC line is not of an alarming magnitude. At the end, a 

comparison between series and parallel taps from the point of view of reLiability and losses 

was presented. 



Chapter Eight 
Conclusion and Future Work 

8.1. Conclusion 

The present thesis deais with the issue of srnail power tapping h m  HVDC transmission 

systems. 

First, in Chapter One, a brief review of HVDC transmission systems, including its history, 

principles of operation, its advantagesldisadvantages compred to AC systems, and the 

selection criteria, was presented. 

Then, in Chapter Two, the pmblem of small powa tapping from HVDC trammission 

systems, the two différent types of tapping configuration, and the previous work &ne in 

this field, was presented It was shown that the ability to tap small amomts of power, Le. 

power levels of between a few huiadreds of kW to around 1 MW, h m  diese systems into 

isolated lads located close to them, wiii m e r  increase the attractiveness of the HVDC 



systems, while providing a better pmpect for econornic and social development for such 

cornmunities. Themain cconomic and technical requkments f a  such tapping stations were 

also discussed. 

In Chapter Thm, a practical solution, based on the soiid state devices with t u m 4  

capabilities, Le. GTO t h . ,  cmentiy available on the market, was proposed. The 

expected performance of the proposed scheme, as well as diffkrent alternatives for 

controiling diffkxent parts of the tappiag station, were ais0 discussed It was disnissed that 

one possible advantage of the pmposed scheme is the use of a single-phase air-core 

transfomer in the scheme. Detailed aaalysis of the transformer, howevery was left for 

Chapter Six. 

In Chapter Four, the proposed scheme dong with the first group ofpossible control regimes, 

Le. a contmlled singie-phase rectiifierwith the PPWM controiler for the three-phase inverter, 

was simulated by the PSCADEMTDC digital simulation software package. The redts of 

the simulation proved the technical feasibility of the proposed schemeY but the conttol 

regimes were found to be incapable of pmviding a reasonably g d  performance. 

In Chapter Five, the proposed scheme dong with the second group of possible control 

regimes, i.e. an un-controlled single-phase rectifier with the SPWM controlier for the three- 

phase inverter, was simuiated The perfomiance of the tapping station has improved, and 

the flow of power to the local loads for different conditions of the main HVDC system is 

reasonably satisfirctory. 11 tas shown that with a certain mode of contml for the series tap, 

Le. the variable fhqgency, otdinary thyristors can replace the GTO thyristors in the series 

taP* 

Chapter Six is devoted to the theoretical analysis and digitai simulation of the abcore 



transformer- Using the ciassical electromagnetic theory, first, the relatioaships for the self- 

and muaial inductances of the aitare transformer were devel0p.d A smaü prototype 

transfmer built and snidied in labotatory was used b succcssfuly vaifil the t h d d y  

found niationships. Ah, the cd~lventional transformer mode1 in the PSCAD/EMTDC was 

found to be able to accutately simulate the performance of the air-core transformer- In the 

next step, the perfinmance of the tapping station in conjunction with an ait-core transformer 

with a diametet of 5 meters was simulateci. It was shown that the tapping station is able to 

tap up to 600 kW from the HVDC system with satisfâctory @ty. It was howeva fomd 

that the transfonmer needs to be compeasated k u g h  series capacitors, which wül create 

voltages larger tban what originally was q t e d  across the transformer's windings, and 

aiso across the GTO thyristors in the series tap. The voltages, however, do not seem 

impossible to handle through the design of the air-core transformer, and thmu@ the use of 

two GTO thyristors in snies. 

The need of s& capacitive compensation for the transformer, proves that the variable 

fiequency control regime for the series tap has little practicd merit, and the constant 

&equency regime must be used This eliminates the possibility of using ordinary 

thyristors in the series tap, however. 

The possible biomedical effm of the air-core transformer were also examineci and it was 

shown that the transfomer does not present significant health nsks outside the HVDC 

system's right of way. 

In Chapter Seven, some design, protection and control considerations associateci with the 

proposeci tapping station were addresseci. Different possible faults on the single-phase 

transformer were studied, and it was shown that the tapping station has no or very little 

negative impact on the operation of the main HVDC system. The control system nquind 



by the tapping station was shown to be mdependent of the main system's controls. 

A proposal to enable the tqping station to operate within the fidl range of the DC line 

curent, Le. fbm 0.1 pu. to 1.0 p.=, was also studied, but proved to k impractid. Other 

methods are needed to address this amtter. 

And W y ,  it was show that the amount ofvoltage harmonies imposed cm the DC iine is 

not of an alarming magnitude- 

8.2. Future W h  

Although the technid feaslibility of the proposed scheme was demonstrated h u g h  the 

present study, it is not expected that the electric power indwtry will implement this scheme, 

or similar schemes in the near fûture. This is because of the fact that, traditiody, HWX 

systems play a major role in transfémng large amounts of power in the elecrric networks, 

and any disturbance in these systems can greatly affect the reliability of the whole system, 

as weil as the economical expectations of the utilities. For tbis reason, the utilities have to 

be as confident as possible that tbis kind of tapping schemes present no sigdïcant relia- 

bility risks to the main systern. Besides the theoretical studies sllnilar to the one presented 

in this work, building smali prototype HVDC systems with tapping stations and performing 

reai labotatory tests on them, will help to improve the existing understanding and 

knowledge about the smaii power tapping stations. 
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