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ABSTRACT

This dissertation d.{s;;ussaa and anclyses s High Voltage Direct
Current (HYDC) control system bnd its various functions, with
particular. reference to the Cahors Bassa-Apollo scheme. In
this scheme, ifverter operation Is governed mainly by the eontrol
system at the inverter end which slwo regulstes the power
tpangmitted by the HVDR link in conjunction with the control
systen at the rectifier end.. v

. i % S
An i rated and & § is develpped f\?r arralyeing
mary aspects_af HVDC transmission system bebnv&oqn. "The authur's
experience with the working system is inemrnvrstéﬁ. in this st.vdy.
‘The di ion to te towsris ledge on the
vary impgetant- subjeut of HVDC automatic coptrol, which plays &
- predominatie. rake . in HYOC trensmission in general; the methode..

ac_pted ta tope with problems inherent in this type uf tranenissiofn, |
snd the operations and p pecforged by the
contral equipient. S




PREFACE

Far several yeers the suthor was Escom’s maintensice engineer:at
the Apolla inverter stdtion (Irene,Bouth Africe), which pedeives
DC ‘power from the Songe rectifier stabion - 1414 km'north east of
}‘«pol].o in Mocembique. The Songo-Apolle DC transmission system is
part of the figantis Cohora Basss hydroelectrie project, . ' :

The suther was specifically invalved in the mair‘v‘tensﬂéé"‘uf the
cankrol system st the inverter end, and in performing this task ;
it was realised thet although much published and unisublisi:\ed
material on HVOC schemss is availsble, there 'is insufficient 1i(€e—
rature spacifically on HVBC control systeme, Furthermore, most:
of the availeble documentatisn covers: specific problem; and
studies peirformed by universities, and as such does not fac: ate.: |
the underdtanding of the control p of - HVBC ;
fally for those app this type of eYectrical engi-

neeving for the first time. - There is a lack of literature on
HVOL automatic control systems maihly bscause £t was only a few
devades age that the use of HVYDC began to be comsidered as‘a
serious challenge to the estoblished AC transmission systems.
Moreover, many-aspects of HYDC trensmission behaviour are nqt very
well known of documented, and certain investigations have not yst
been Pinelissd,

It was against this backgraund thet the author felt thet a serious
reed for an intograted and consistent study of the sutomatic
control sapects of HVDC tranemission system existed.
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CHAPTER 1

INTRODULTION TO. THL-HVOC POMER SYSTEM

1.1 An Historical Review of OC Trensmission

Praticel application of the gereratior and transfér of elsc-
tric energy begen with the use of direct current, and the
first power Vsh‘atinn in the world designed- and built by
Thomas € Edison in New ¥osk in 1882, supplied DOC pow’er from
bipolex DU generators driven by stesn engines. In spite of
this, howsver, the advent and development of tiansformeis,
poliphasy cireuits and induction motors Favoured the slter-
nating cl.bu:rent; systom af the generatien; transmission snd
distribution of the electric srepgy (Kimbark, 1971).

The main reason for this is the ¢ase with which the genera-
ted AC.voltages cun be transformed up to the AC voltages

to be trensmitted, end readily lowered egain to the values
requived by the consumera. The fact that genératinn is
inherently the production of slternating EMFs coupled with
the advsnge-of AC transformetion, is the basic reasson for
the widespread developmont of the AC system. Thus DU po-
wer played a secondary part for a long peried in electricity

history, end until 30 years ago wes confined for wse on
industrial drives end traction. : !

The realizetion thet over very long distances transmis-
sion of DC at high voltages might prove more econonical then
AC, hag apurreé the development of high voltage direct cur-
rent (HVOC) technology.

in late 1954 the first conmercisl direct current transmis-
eion linked the jsland of Gotland to the mainland of Sweden
and today several high-voltage direct current transiission




installations sre in operation. These projects are listed
in Table 1 which shows that the main applications for DC in
order of importance aret

(8)  underwater cable acheme

(b) long distenve bulk trensmission

-(e) asynchronous tie or frequecy chenger
/(d) mixed overhead underground.

1.2 © DC Application Considerations

The ecanomi’c advantages of the use of DC lines accrue from
less insulstion, fewer conductors end smaller towers.

In addition, the technical sdvantages of a DC line over am AC
line might sometimes justify its applicetion.

The main technical adventages of DC lines are summarized &s
follows: -

(a) greater pawer per conductor
(b}  asynchronous cperation

{c} ground return cen be used
(d) ropid cantrol of power flow

On the other hend the trehsfer of enexgy from one AC network
to another by DC is only possible by trensforming the emergy
of the AC network into a high-voltage DC energy (rectifiga-.
tion) and by returning the DC to AC anergy {inversion) &t
the other end of the DC line before connecting it into the
receiving AC network. The salution of these problems hes
become posaible after decades of development in the field

af power cenversion with the construetion of mernury—atc.val»
ves at first stege and of thyristor valves in recent times
{Unlmarn, 1975).




Direct e Length Cemint)
i) Voltsge Power  Overhemd
Schene Termtnale Year U1 0kV) @y tipe Caple __Toral | Remarks
Gotliad Vistervik, Sweden 195670 100 20 , 0 96¢60) 96(60) *  Monopolar
N Visby, Gotland ' Sea Peturp
Brglich Channel  Lydd, Bogland 1961 200 160 ° B4L40)  6A(40)
Echtnghen, France
Volgograd, Donbass Volgograd, USSR 1862 100 %0 476(294)- ° 474(290)
Ponets Basin, USSR 1965 $600 720 .
Few Zasland Tenmore, Sout: 13 13 3250 600 S84 A0(25)  610(379)
: Hayward, Noteh 1d ’ '
Konti-Skan Gatebarg, Sweden 1965 250 250 88(54) 87(54) © L74(108)  Wonapolar
Alburg, Denmeck See return
Sardinta Codrongianas 195 200 200 2900180)  116(72)  406(252) Via.-Corsies
! Sordtnte, g Homopolar
Sau Daleasio, ltaly “ -
Viingouver Arnott, British 198 130 78 §1026) 32W) 7Y Prvat stage
Colusdla
Vencouver Island Ultimate 130 an i . Final stage
Pactfte NW-SK The Dallea,Oregon 1970 400 140 1372833) 0 1372(853)  Three bridges
Sylmar,California ‘ber pole
Xingonorth Ringsnorth pover plant 266 0 0 S937) ¢ 5(37)  Rach pole has.a
Beddtngton and 83(51)°7 62(51)  different destination
¥{lleoden (London) .
Nelson River Radisson (Kettle Uteimate 450 2240 £95¢555) ° 895(535)  To be butlt fn
Hantroba Aaplés) stages
Dorscy (Winnipeg) -
Gohora-Bassa Songo, Hozanblqua '
Apoll 1979 531 1800 Yts ° 1434 Built, i ) stages
TABLE 1

R,

N

i w g




Moreaver the convercion operations and the power transmis-
sion pon only take plasz under the supervision of sophisti-
ceted control devider,

Thus converters end control apparstus considerably inerea-
se the gosts of the DC transmission syatem.

. Cost of
AC line

)
Fig. 1.1 Comparative costs of AC and OC

ted the break-even line length which makes OC preferable to
AC transmissicn (CIGRE WEPORT, 1965).

1.3 Principles of DC Power Transfer

Ihe transmission of erergy from a genersting network to the
receiving ore by DO requires two energy conversions {recti-

Cost of’

converters
oA A Cost of AC
tégminal
aquipment

L aramn ¥ v T T T I
-0 < 600 80O Line length
Lo . niles
AT pref‘erabla | OC"'preferable

transmission systems. Cigre repurt (1965 Cast).

A study carried out by the CIGRE working commitiee hes evalua-




Fieation and inversion) at the ends of the OC line.

A schematic DC transmission system using two converter groups
is shown in Fig. 1.2.

The DC power transmitted at the output of the rectifier is
qgiven by’ i

Py = Vt'jd ”1.1

and the DC power received at the mput of the inverter is
given by

Pr =Vl

-Lonsidering the transuussmn line loup reshtanne as R, the
voltage drop in the line is Ig.R and the pnwsr Hosses are
I4%.R. .

d

Transmitted current deduced from the above relstionship is

ignoring the dynamic resistances given by the converters
{see paragraph 3.1).

The direct veltage at the inverter side is maintaired tone
stant for any current value, which will véry ith va;iatians '
of the direct rectifier voltage. The DC trsr{smissian con
nection shown in fig. 1.2 can therefore be representéd by the
equivalent circuit of Fig. 1.3, where the rectifier is repla-
ced by B variable current generator and inverter by a cone
stant voltage generator. fig. 1.3 thus shows thé schematis
equivalent eireuit of an HVDC system where the DC is transmit-
ted at constant line voltage (see paragraph 3.1).
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Conversion is supervised by s converter eontrol system,
which fs en essential pert of anmy direct current transmig-‘
sipu,‘.\ink.’ The main function of the control systes-is té
regylate the power tratsmitted by the HVOC link to & préi
detepmined psbtenn unde:: steady ‘state and transient cund;—

tions.
Moreove:, in cunaumtxnn with faul‘:. date:ting equipment,
the control systen fakes antian b clear certa&n f‘aul}:s,

and‘@to man?sm the, eontinuity f poyet: Flnw in sbnormal si-
tuatlons (Andersun et al; 197«)

The. Cahora Bassa—' olid- Stheme

. o - .
The Cahora Bassa-Apollo’ trangmission connection was com-
pleted at the end of 4979 Whed the,third snd last project
stage involving two new converter groups was firalized and
put inte opsration. The realization of this project was
possible when the fificl agreement wds resched in 1965 fol-
lowing long megotiations between the Portuguese and South
African governsents. Both gnvernments saw & mutual benefit
which could be derived From the Za{mbezi water catctvient in
tha gorge at Cohora Bassa "ideally suited for an arch dam',
(Fig. 1.4).

Generation and export of energy at relative low cost end
the sgricultural development for the downstresm, indigerious
populations was the philosophy on which the construction

of the Cahora Beana daim was besed. ¢

The contractual work for the eonstruction end finencing of
the project:was won by & consortium of 15 international
compenies’ (ZAMCD) from West Germény, France, Itsly, Portugal
and South-Africa.




Ceonversion is supervised by a converter control system,
which is an essential part of eny direct current. transmiis-
sion 1iﬁk. The mein function of the control system is to
tegulecé the power transmitted by the HVDC link to s pre-
determined pattérn under steady state and transunt coridi-
tions. & ot [ " :

Muwreover, i A “conjunetion with Fault’ detecting equipment;
the contrdl system takes getion to cleax’ certein Faults, .
and to mankain the coritindity of power flow in_ sbnovfel; si-
tuations CAndsrsan et al, 1971)."

The “Cshora BassasA,Poun Scheme .

o er "
The Cehora BassB-Apollo trensmisqian connection was com-
pisted at the end of 1979 when the tl’urd ahd" last project
stage involving twe new converter groups was finalized and
pvt into operaticn. ihe reslizatidn of this praject wag .
possible when the finsl agreement was reached in 1965 fol-
lowing long negotistions betwee.: the.Fortuguese and South
African governments. 8oth governments saw & mutual benefit
which could be derived from the Zamhezi water catchment in
the gorge st Cahora Bassa "ideally suited for &n arch dam",
(Fig, 1.4),

Genzration end export of enérgy st pelative low cost énd*
the egriculturel developsient for the downstream indigenous™:
populetionk was the philosophy on which the sonstruction
of the Cahbra Basse dem wes besed.

The contractual work for the cohstruction and financing of
the project was won by & consortium of 15 international
companies (ZAMCO) from West Germany, France, Italy, Portugal
and South-Africa.




Fig. 1.4 The gorgo: of Cahora Bassa

The ZAMCO consortium wes subdivided into seversl sub-consar-
tiums to fulfill the varius fostures of the civil and élen-
trical engingering work.

The project entered commercinl cperation in three stages as
fallow:

(a) stage 1 { 26 Mareh 1977) .
1t comprised the construction of the dam wall, under-
ground power station, three turbo-generators, the con
verter stations of Songo (& km sway from Cshora Bassa
dem) end Apollo (near Irene Pretoris, South Africa)
and twin teensmission lines 1 400 km long. On the come
pletion of stage 1 the transmission of DC at limited
opersting voltages (266 KY) began, with the use of 4
converters (2 reatifiers and 2 inverters),




(b}  $tage 2 (April 1978)
A fourt generator was added snd two Further converter
grolps were instaelled.

(o) Stage 3 (22 June 1979)
The two final converter groups were completed and the
OC transmission was brought up to thé Tated cepacity
of 1 920 MW (Qlivier, 1977). .

£shora Basss Generating Plant

The station is equipped with 5 generatihg units consisting

of

(s) 5 vertical Franeis type turb}nss glving & nominal out~
put of 415 MW et & nominal ypead of 107;1 rpm, and wa-
ter copsunption of 452 w’/sebond.

(b) 5 generators each of 480 MVA et the nominal rotation
given by the Francis turbines. They have static exci-
tation through thyristors, a rotor diameter 13 m and 8
welght of 960 tons.

(¢) 5 penstocks, 2 teilrsce tunnels, 2 surge vessels and
the 220 KV feeders to the bus-bars of the rectifier
station (Songo) 6 km away are othervrelevant instal-
lations of the gemerating plant of Cahora Dasse scheme.

Songo-Apollo BC Transmission

The AC energy generated st Cahora Bsssa power station is con-
veysd to the bus-bars of Songs sub-station & km away, wheu'
it is converted by the rectifier bridges into DC energy and
tranemitted ko the inverter sub-station of Apollo via twin
overhead lines 1 km apart and 1 400 km lang. At the inverter
the DC energy ia converted inkc AC before being injected
into Escom network.




On completion, the Songo-Apolls BC trensmission scheme was:

(a)  the highest voltage (¥ 533 KV) OC transmission system
in the world, nearly 100 KV higher than the * 450 kY
Nelson River scheme

{b) the largest in power trensmission capacity (1 920 MW)

(ej  the longest’transmission civcuit (1 400 km)

{8) - the first power transmission scheme to be entirely de-

" -pendent on thyristor valves and the First to mount
suh’ valves out of doops

(e) " the Pitbt-scheme to se: four valve bridges in series
on each side of the earth '

{f) the first scheme not provided with by-pass valves,
but using short-circuiting switehes (overcurrent di-
verters) for velve protection in certain extreme eon-
ditions.

The different modes of D power transmissjon used in the
Songo-Apollo acheme are described. in parsgraph 2.1.

1.7 Thyristor Valves Used at the Songo and Apolls Converter
Stations

A very important innevetion in this DC scheme is the use for
the First time of high voltage thyristors assembled in-mo-
dules to form the bridge velves. They were designed and ma-
nufasctured by @ ZAMCO study group TSE (Siemens, AEG Telefunken
and Brown Buveri): who collsborated in e resesrch project st
Mannheim Rheineu (Germany).

* Note: This type of thyristor, tried in low voltage applica-
tion is deaignated in the catalogues ss type
B.St.P.05.110,




Thyristors are serially mounted in a stack, numbering 7
(stage 1) or.6 (stages 2 and 3). Each thyristor is electri-
cally paralleled with itJv partner in the adjacent stack.

' I .

There are four stacks in a tier (24 or 28 thyristors) and 10
tiers form & valve. The number of thyristors te be dunnezted
in serias to Forn & valve was. based Ll the toncept that “the
valve hes to withstand 8 surge vcltage of - 3,05 time “the ra-
ted direct ycltaﬁe. The faetol‘ 3 0§ dstsrmxgus thp valve -
withstend vnltaga which is 10% Above the n;aximu-n caleulated
surge diventer sparkyover, plus & further 20% to el&ou for
thyriktor redundancy and unequsi‘\iultage distubutmn. )

A velve unit comprises two valves' mgunted in a common steel
tank with two high véltage bushings, the one forming the pa-
sitive terminal end the other the neggtive terminal. The
tank itself is cormected to the point where the two valves

are. joined together end hence is at the voltage with re-

spect to ground of the transformer phase connection. (see
Fig. 1.5) '

Yhe thyristors are forced oil-cooled and the whole valve is
insulated under oil. The voltage protection for the velves
is-provided by means of surge divertere, which limit the vol-
tage %o the required values for surge weve-front bigger than

1Ms. Each valve is moreover protected egainst surges having
a shorter wave-front time then 1 ue by a eaturable reactor.

Ancillsry valve circuitry is also provided in order to:
(a) Contro) the thyristor voltage grading
()  Reduce dynsmic stresses on the thyristors




Fig. 1.5 Valve tanks forming 8 ‘br.\dge
(Apollo inverter station)

(¢)  limit the surge amplitude of the reverse voltagd et
the end of the conducting period. (sse Fig. 1.6)

The firing pulsse for each thyristor gate is derived from
a comman pulse tranaformer _‘(Firing pulse loop}, which forms
the centrel core of each valve (Lane dénd Galverley, 1970b).

Dutline of the Dissertation

The paragrephs of chepter 2 providsé & brief snalysis and re-
presentation of the circuits and maln funttions which have
predominant effect on the performence of HVOC trunsmission.
This preliminery description appears necessary and helpful
for easy underatanding of the operations carried out by the
automatic control system in en HVDC scheme, which will be

expounded, under its different features in Cheptec 3,4 und 5.
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Thyristor stacks forming a valve, valve dsmping
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(Zameo TSE, 1977).




Chepter 3 outlines the essentisl objective of the automatic
control which is tu emsure stable power transmiseion during both
stemdy state and unfevourable conditions. In other words the
opzrations performad by the control at the rectifier end,

are cotrelated with those carried out at the inverter end,
end the purposes of such operations are explained. Also

in Chepter 3, the main circuit of the control at the recti- -
Fier as well as at the inverter side are discussed mainly in
respect of characteristics they have to posses to cope with
the different problems related to DC power transmission.,fro-
blems sriéing on the rejection of DO power are also briefly
discussed. B

G

Chapter 4 is occupied entirely hy the snalysis of thf;conc
trol system which operwtes at any inverter bridge; to keep )
the inverter output direct voltage constent. Some disturban-
ces which muy effect the inverter bridge control and the
requirements for limitation of such effects on the bridge
control are discussed.

Finally in Chapter 5, the automatic control operating at
Songo-Apollo scheme is anelysed, teking into consideration
two importent means of protection. The wey the control
reacts on the ogcurrence of comnutation failure at the in-
verter side is described and ths ey it protects the line
on the acourrence of line esrth Fhult without compromising
totel DC transmission.
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4 CHAPTER 2

BASIC THEORY OF HIGH VOLTAGE DC 1RANSMISSION SYSTEMS

2.1 Operating Modes of a DC Transmission System

There sre Tour pussi'l;ls mades for- trarismitting -DE-power-from
the rectifier tg\\the inverter. These are:

the bipoldr mode, Fig. 2.1a .. {the,normsl mode of
transinission at Songo-Apollo scheme)

. i
the monopolar mede, Fig. Z.1b- (used under line fault

conditions}

the parallel mode, Fig. 2.%c {used under Bmeryeney...
eonditicns)

Ky . ”,,5
the homopolar mode, .Fig. 2.1¢  (not used:on the Songo-

Apollo scheme) {Kimbark, 1571a).
Three-phase Canwerters

Converters are devices that zonvert AC to DC and D€ tu AC.

(fig. 2.2a). At the sending terminal (at Songo) the conver-,
‘ters are called rectifiers {AC to DC), and at the receiving
terminal (at Apollo); they are called inverters (D to AC),
The ‘convertera used in the Songo-Apollo scheme use the stendard
Graetz bridge configuration using thyristors (5CRs) iastead

of diodes. f.}n»‘-{ha'older schemes, mercury-arc valves were
uged ins\taad of§CRs.. " The trensformer of a senverter bridge
can be oNstar-ster or delta-star con figuration,

b e m;nal vonsists uf groups of an equal number of converters
in sefies bn the DC side.  lhe neutral point between the two
groups of converters is grounded through earth electrodes at




Rectifiers Inverters

(d)
Fig. 2.1 DC transmission opersting modes
R a) bipolar; b) monopoler
c) parsllel; d) homopolar.
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Bpidge converter - Sthemdtic.circuit For a tysis.
fhe valves ate nunbered in their Firim r. ol
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Fig. 2.2b Waves of instantaneous EMFs of AC soures:
line to neutral, 241 Gy Bui
lire to lins, ac? Cba’ Cop*

(Kimbark, 1971).




eqph end.  In the event of a fault on oné eonductor, the
other operates with half the rated load (monupnlat nmode,
Fig. 2.1b).

Reetification gnd Inversion in DC Transmission:

In the bridges shown in Fig. 2.7 used for conversion 'of AC
ar.OC pover, the thyvistors ar valves dsed" ”& ,me Graetz
configuration have to be fired when the line-tn-l;ms voltage
across them is pusitlvs.

. ,Jhe line-to-line vol@ngas are, givén.at the aenundary winding

of pridge. Erep§fonr.>:gs hy € possible coimbinatisng of khe
transformer s/ecunanry to fautral voltages (qyemaab, ene—Ea-a;,
Sho=Rh=8c," Chateh g, Bca"eu'ssl SapEeq-eh) asv,c"én be ‘seen ip
Fig. 2. zb. -

Frofi. the theony' 65, the rectlffcation,;:mcﬁss of "the ‘Graetz
bridge using no v.'.lantrolled ‘“ectifying-elémenta (diodds Fig.
2.7} , the diredt output voltegs oi losd condibien 4é given .
by the upper envalnpa of the line~to-lina voltaga (Ng 2. Ab)

“The average of sych envelopg FL A 3

o =315 ¢ s}.{ /'h‘) ) T ozsa

where Em s the gmplitude of the sscondary to neutral véltage.
1t is important to e'hphaslze thiat due to the relationships of
the secondary b4 neukpal voltagds, only two dicdes in meries
are conducting and both of them forcone-third eyele (1200),
For example, diode 1 carries the load current with diode 2
until diode 3 commutbtes and takes over ta carry the load )
current together with diode 2, and so on.  Commutations are

1y 3 it ly every one-sixth cyele {60°)
indicated in number order according to Flg. 2.3. .
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Standard Graetz rectifier.
& [ €2 L]

a).

Alternating
line~to neutral
voltege

Lo
Dirett voltage

DN k
Valve voltage /3,

.. 7 I
Divde currents
Iz

daty current

..
Primary current
(BY)

Fig. 2.4  Graetz rectifier waveforms.
{Kimberk, 1971).




Fig. 2.4e glves the waveshape nFFthe qurrent flowing in the

b
secondary winding of the bridge transformer due to the cyoling
commutation of ;the diodes.

The use of thyristors an the Gesetz “bn’.‘{dge mekes the apintaneous
comnutations and the flowing of the load current impossible
unléss the thyristors are spprnpriately Firad on ‘their gate,

The firing must be provided 8 causé cammutation evary 40°

and under eonditions of poaitxva vpltege across the vqlva.

By dsing thyristors it -is” pasmhle to delay the f‘iring angle
thecrstically from 0° to 180° (see Figzy h)

7 " . -

é
Variatinné of the firing sagle within such range give & direct
voltage varying aé. shown ip Fig, 2.5.

Up to 90° the direct voltggh jnesents @ positive.pelarity and
the load current is flaw.iﬁg in the direction permitted by the

i hhyrishors in agreefent with the voltaga polaritys Thius 5
~Ehere 19 a direct powerFlow whh‘.h “s the wesult BF Lne recbis
ficetion. When the delay firing angle exceeds 90¢, the
direct output valtage changes to 'kl negative polarity and
opposes thé load current flow. A réverse power Flow takes
place and the power inveraion s obtained by feediny the AT
system with the reverse power. From the point of view of power
trnnsmission,\}\“‘{é rectifier conversion i followed by a trans-
migsion of DC %ar t:y tranamisaion af bC current end beneration
of UC voltege by the invex‘ter on mnaiving the transmitted
turrent.

It is possible to derive from the lamst stategient that the DC
transmission takes place between two aystems, which behave as
current (rectifier) and voltage (inverter) g t X
vely, Because the inverter is the receiving snd of the e
transmission the inverter UC veltage has to be maintained lower
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o=20° 0 =750 01=135° o

rectifier operation = inverter operation
Fig. 2.5 PC veltage control by changing conkrol engle.




then the rectifier,DC voltage in order to permit the current
flow (Celverley, 1954s). ’

2.

>

Definition of. tﬁs Firing Angles ¢ and p, Overlup Angles
vy 5 By and Extinckion Angles 3 and ¥

The positive coossing voltage of 07 and the negative crossing
voltagé.of 180° have been cnn\/éntionally agreed ;as the angle
references for the cectifier &nd the inverter firing angle
respectively. ’

Rectifioktion 48 shitacterized by the firing-angle X (alfa)
which is delayed. in respect uf the angle reference {0°)
while the firing angle ? {beta) advenced in respect of the
angle reference 180% ihdicates inverter-speration. (See
Fig. 2.6m, 6b). :

The two firing sngles sre related by:
& = 1800 B . 2,41

and both can be used to represéﬁt the rectification and the.
inversion,

In the rectifier operation, the vilve cobmutation taokes place
at the angle § = &+ e, (delta)

8 is defined as the oxtinction delay angls‘ for fectificebion.
e is the overlap angle which is dependent.on the AC resctance -
affacting the rate of current chenge dur{ng commutation.  In
the invertdr operation the extinction sngle is named *‘(gemmn)
and is related to the edvanced riring engle g by B= Y+ By
(Fig. 2.6b) where Wylis the inverter overlap angle.

The two overlap angles i, and g are increasing on the




Fig. 2.6 {g) Rectification angles;
{a) Inversion angles.




“or (-»0 o with the anv
mter\al voltage Udi*aceording to the relauon' o
. 2Ok e,
1o = 1.2.[ e i aa ] ; 2.4

«different Jiréct curfents. , The :selatianship bel:ween ‘the

di ing ofdandg pectively, and also upon

the 1nnreas£ng of po-defined es the uvsrlap nngle fard= O

i va‘“represent tha transformer reactance snd =
7\ee voltage drops respectively, A-rapid cel-
L ,& and.jy cari*be abtained by p,l, tipg (Fig. 2.7)
the relstmpshmp between o, po and pg-( V, B, ‘\13») for.

sbove functions are qiven bys.

cos (b( + ux) = cosd '+ coa wo - 1 (rectzf‘iuation) 244
“eos (s‘q- ey) -/cosxw dos ub -1 (inversin ) 2.5 1

At gmal) ¥ extinc!}un sngles the overlap angle g sssumds | e
very high values for any DC current. «, That pay adversely
affect the thyristor canmutatiod snd ¥ safety combination of

iy and (velues must tharernre be \osén for any OC current
(commutation limit line Fig. 2.7) and a very small advsnce
angle. - (Ueneraliy ‘the smallest ¥ which has & suffililent
safety margin from the recovery-sngle of. the thyristois.is
chosen First end then from the plotted curves of Fig. 2.7 ”’7{
can be derived). The-relationship betwannyand thyrister
recovery-angle is given in Chapter 5, paragraph 1,4. b

-
No-load Voltage and the Output Diréct antaég,at the Conyerteds

The no-load voltage of a converter has been expressed by
ds & 2 £y ¥ 1,356 **. 1t depends on the position of
the transformer tep-changer because the transforier ratio
given for proper AC line-to-line input voltage to the converter

NOTE # Converter internal voltage is also defined as no=
load voltege of the conversion (see peragraph 2.5}

NOIE #x  £) is che amplitude of the line-to-line voltage.




‘yte-dalay of (degrees}

ofda (My) plotted from equation
ad 2.4.5 {Calvery, 1954).

it i—
i
Fig. 2.8. Modification due to AC reactance and gate contral
of: &) DC. voltage wave-form; b) secondary"

éurrent,




|
is determined only by the tep-changdr tepping. The na~load
converter veltage can be obtainéd by the simple caleulation
of the equation ’

i k Udi = 1,35 £}

)

when the AC primary valtage and the pos1tion of ‘che t_ap- .
changer are kpowfy. | o

The converter direct output voltage cen be-derived from the
ne-load cnhvertar voltege by taking into conmderatwn “ -
a1l the cduses of voltage drops’ which are aFFactmg the Final
value of-the tonverter putput voltage.

In buth copverter termmals, vultage drnps arg causad by valve
reslstance, firing angle of for tect:vjxgr and b’ extinction
angle far the inverter, valve reactance tra Qriner resistance
and finally trensformer reaLi:anea The output direct converter
voltage cdn thus generally’ be expressed by . .. .. s’ E

= Udi - é(cunverter voltaga arops) 2.5.2

(For the inverter it must be emp“\aslsed that the vslve resis-
tance and the transformer reactans drops are quanﬁities to
- be added to Udi because of the reverse power flow)

Direct Volitage Drops due to& (X and | ok /‘

The rectifier output direct voltage drép dug to the firing

delay sngle o is indicated in Fig. 7.82ss mrea A, y

From the seme figure it can slso be clearly seen that the. degp

4t direct voltage Udg * ia increased by e rasenuﬁ of the.

overlap sngle p & . By mtegratinn, A 1\5 " expressal- by.
Yk i

* HOTE  Udg = Udi - Udi . cose




LUdk (oo ).+ Udi/27]. {cos X - cas§ ) = A= Ud

! 2.6:1 "

o

he hx.st tarm is the vultpge drop due to the _delay -

ae gle -3 snd the, secnnd tam is the drop as.the resplt of
the overlap anglé WX* Frnm equatdon 2.6.7°and the geqpva]_
expression uf the reckifier output direct voltage, described

in parhgreph 2 5, ® new gxpréssmn for the rectlfler dnect
vnltage ig derived

{eos & + .:038 )
Ud = Ud.l i s

which, as an epproximation, can be re-written: -

: Ud = Udivopsgk

_The last expreasion show the dép of ‘the Tectifier

“direct yoltage on the firing. d¥lay (2 -snglé, .

) Fhe inverter cutput direct valtage: can be similarly éxpg;e,jsea; ¥
by g

ug = Udt.cqsx
IS
The OC: canvstter direst voltags vsmation a8 a Functwn of 0(
is represented in Fig. 2.5 where'the parameter X is used bu
vary the DC voltage in the rectifier as well in the inverter
angle dominion of conversion (Kimbark, 1971b).

The Secondary Cutrent Wave Forms and the Pumer Flow throuqh
L] Ccnverter

The transfurmer inductance permts the secondary currents

{13, i 4 ) to vary et e finite rate when a valve cumfnutatss :
from off tu on state and viceversa. Referring to Fig. 2.9 -

* Since 3-«:(+ B




fie Anstanee, t.hu‘uncundnry current ib of o reotifier starte

tc flow at the instant that valve 3 starts to conduct baving
been ignited with e dE.\ay angls ‘0{ respect to the line to. line
veltage e . At.the same instant valve 1 startn to commutate
towsrds its of f state and consequently the sscundary surrent

1, 8lso decreases et a finite rate. Therefore if we considic
‘the equivelenb’ circuit of the rectifier bridge {Fig. 2.9)

during commstation from 1 to 3 the balance of inductive poten-
tials and the 1jné to 'neuti:af volteges 8y and. ey is given by

ey, =lodis/ dt - Lo diy /,dt N 2.7.%
since e, - e, 3 ebs (paragraph 2.:3) and iy ‘[“b and mureove;:
8 = 3Em ain ,ob from thy theory of a three}hase transformer,
the expression (2.7. 1) can be re-written as, e

3Em sin wt e (di /dt - di / dt) = ZLA: dib /8t 2.7.2

§ .
because during the contiutation eurrent, vnltage valance in ths
same circuit of Fig. 2.9 is given by *

ui},/dt:-dxb/dt
By definite dntegration from ¢ to angle f‘Jt\ of the expression
2.7.2, it is possible to cbtain the senondary current wave-
form i, as
iy 2(3Em / 200ke){cos K ~ coswt) 2.7.4
meanwhile during copmutetion the expression of i, will be
ju: Id - j‘b = Ido(3Em / 2Le) (o ~ costst} 27,5

In conclusion it can be said thet each of the secondary currents

| PP
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350 4y 1, 46 composed of threo componenta LoDy Iy

(see Fig. 2.80). I, and Iy aro givan by equation (2.7.4}%
and (2,7,5) réspectivaely and I is oquel to the Soad current
Id.  The Fourier snalydis glvnn ‘a. fuhdamenitsl tolnpanent of
Eha secondary gurzent (4, 4, i . ) equal to:

Iio% 1d .(,\/T/“'“) . sin W/p

(ignering the “tafluente of g )s
The power flok tﬁrﬁugh the rné‘ rich équipméﬁb w.{il be thu's: .

P d. (Wﬁ) sinfl’/p [Udi oS + ea (0(4- p.,‘]/Z

From the last expressicn we can durive 'the current fundefiental
N secundary eurrenk: g

. the power campancnb mrreétian

w(iap= E:usa(+ cos (e + [.ux)j

1t ean‘be alss demonskrated that the reactive pavier- cnmpnnenh
factor is given by:

w(lo;)r _ 2ux + sin In Zain 2 (s &),

4[cosy - eos (1€ + np]]




Flg, Z 9 Equivalent - c)tcuxt of a convertpr dunng
‘commutahion’ AR

The va:mtmns of both Fsctnts as ﬂmut:uns af o %
are shown in Fig. 2.10. In the same figure (2 ‘ID) the phasg N

Klsa of/*‘f\]e fundamen;:sl aecundsry current is slsu shpwn. -
J e Yo

It can be demonstratsd that cos { Ylsa) represents the pnwer
fscl;qw for a DC ttans- :.ss,mn (Calverley, 1954b).

ir;':eorvsclueion, the Qirect rec:jt ’ﬁ’ier p//o;'eg Flon’ takes place’

for values of between 09 and 909. . The fesctive power reaches
* the maxintm ot O 90° ard deiroages again for o valued: in-

creasing towards 1B0°, but ective: pawer s riow flowing in re~

vorse wode {invorsion). -
The relation bebwwen the deldy angle & anq" the phase displace-
ment shown in Fig. 2.11 confirme the concluadon: yeached by
examination of the curves déscribifig the power trenemission R
through  converter.

ALL functions characterising the rectifier and invarter dpe-
rations are shown in F&g.‘ZJZ and 2,13 respectively. A
very significent feature used to distinguiah between rectifi-
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cation snd inversion is the wave form ¢ ithe yoltage
acrass the valves of a bridge working 5 dnverter (Fig: 2.%4a)

yaltage

Leurpent

Voltage :

Fig. 214  ‘Wave forms .of vulhage gcrass a valve ini-
§ s8). invetker and - b)d.gectifien:
1. inverse period; 2. blucklng periud-
3. nunducting period.

; and rectifier (Fig: 2.94b} respectilely).
SUMMARY

This chapter has reviewed the operating modes of high voltage -
OC trarismiwaion systemd and the basic theory of -operation af -
three.phase converters. The accepted methods of calculating
the steady stete performance of an HYDC transmission scheme
have been briefly discussed as well as the principleés of DG
power flow and the relationships betwsen the main functlans




& hi

regulating power ion. The relatis used by
the project group ts'rerry out the besic calouiations of the
rectifier and inverter parameters are based on the following

inter-related seaign date:

(a)

Divect cucrent Ld.
b} ODotput OC voltage UD, .
{c) Control éngles o, B - & b
(d)  Rectifier EMF U, W W
{e) AC syttem voliage.

For & good understanding Gf the Fnll&wing ehaptiers, deFLniLmns
of . the tentrolled and krolled angles which opigd

during the valve firing were given.

In conclusiun, -a comparative

corm!ation bekween the rectifier and 1nvantar uparannnal

functions hus been explained.

i
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CHAPTER 37

CONTROL ASPECTS OF HVOC SYSTEMS

Thig chepter deals with the main’ features of the automatic coptrol
operating et Sengo - Apella c)onvertsr aystem in relation to the
fundamental principles. ¢t HYDS trinsmission. The physical strue-
ture .of the most i]npdi‘faﬁtjbir;ﬂitn fegigned to perform: control
operations in ‘the cunvex‘tel‘éx ? ).\p functions
determming system Behaviour in dlﬂ’ets.. \gvs;u:ubtions
_{steady-state conditidn, and-the’

+ler failures snd faults) sre explained with the did of hgurss, ;

’osnillogtams and specimeh désign calculations fuinished by the
planning ant testing teams hpfare and during the commissioning of
the Cahm:a Bassa - Apullo stheme,

o

Irs addition, based on our dll‘ect Expel‘lenca, ‘the causes of dxsturbam
ces and their effects of the performgme af the eontrul syajtem,

are studied in connection with some of the most significant eirpuit

arrangementa ot Apollo iq\}srtér station. (see Chaptbr 4}

3.1 Contpol Requirements of 'an HVDC System

In the developient of the automatic coftrol systefis for’ HVOC
canversion, the philosopy adopted'is bused genersil}y on the

following céncepts ¢ - .

3.9 MaintadrungGS sysben current af o steady@tat
value through the combingd rectifier and iveter

D

regulsting processes, and limiting the maximum.

current to protect the current - darrying devices.

Varying the firing angle of the bridge valves ta

provide a fast, dynamic response to system changes. e
SR




This also means_that the Fllictuation of curpent
‘due to the elternating voltage fluctuation must be
linited by the automatic control.

Accurately timing the firing pulses for téady
state npe:ahian

}f&vmg the ablhty to oper: 6 with weak and -unsta-
ble AC system. ' :

Mamtammg the pgner factor‘as high-as pussible

so thhy " .

~ the’ msximum powgr ratmg for each ‘canverter is
obtatned i o . ,,
dangerous stressea on. valves snd damping circuits

- are reduced’ ) . ° | .
valtage drops at the AC' ferminals of “tHe cohverters
due to load increases; are limited. T
3 & N “

Computation of khe optimum power to, He transmitked ¢

.for given DC current and vuﬂ:age‘ ratings a8 by

power .demand.

In addition ta mgeting these badic reqpirerﬁepts,
eonverter autumatiéynontrul;( dve ta cope with many
other needs, such as the trapsient periods of line.
energization, Eha switehing on (gnd fo of the, |
bridges and the sceurpence of sbrormal events end .
failures.{Reeve ot al., 1972). .

3.2 Current and Voltage Control in HVDC Transwission

In dealing with general matiers concerniné rectificphion
and inveraion on HVDC transmiswion sehsmés, it is standard




practice to represent converters as two separate units:
the current generator (rectifier) a_nd the voltage geqemtnr
(inverter), connected by & commopn current transmisaion
line. {Fig. 3.1). .

) * o line

inverter

Ud. .

Fig. 3.1 Schemstic OC Link pepresentaticn

Whe dealing with Butumat:c cont):ol huwevar, this® msthnd
of representrtiun is msuf‘ficienh a8 it dges not . ustate
,the fundemental voncept upun which & HVPC system is based:

The mudes of ttansmissiun in u HVDC system are canstent
volbag& with ad] ustable current, of Gonstent curréht With
adjdistable voltags, where the adjustment is made unr} r cluseé
control loop. The modes of transmission are reprEaented
schsnrstxcally in Fig. 3.2. One block, “A", represents all } ”
the distributed nor Y?'ol uferetinns perfurmed &t the rectifi
and at the inverter; with -objective of maintaining the -
rated power transmission copstant. From the same schematic,
it is clear that the autometic control pystem has.a.current "
and voltage reference From which it pénforms its control
action for obtaining meximum power transfer withdn defined
stability limits, and with guaranteed protectign

The 1 control i1 in Fige 3.2,
becofies a practical reality in the Songo - Apollo scheme,
as shown in the Fig. 3.3 block diagram. The didgram:shows
the system symmetrically disposed in both stations,.. If we




Rect. ond,
Trnverker' ™
Contied

ahd
.| Protéction.

Fig. 3.2 General sutomatic control biock diagram of
a DC transmiseion systom,

2

consider the converter system in the steady-state work- -

ing condition, the transmission of current alorg the DO
Line is assured by the rectifier ld contryller and by the
invertar\‘ extinction angle controllers.. The Songo. ~
Apollo HVDC link** een be considered a constant ‘voltage

. system, which medns that changes in pewer transimission are
anly obtained by current changes. A DC power transmissicn
system however is normally operated eb its maxinumn permitted

*  Voltage Divider
#  HVOC Iink means HVDC transmission system
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.. . i
arq (raxinum ourtent) and the onlyf posoible way to very

the pcvler etanamitLed by & certam‘yamount in the steady

state c\hnditmn is by changing khe’ llnewultaga with the
cnnvettex\\tknarurmnr tap-thanger!.. Therer‘cre air HVDC

paver trahamission system at its maxlmum load also behaves

as & cuhstant current system and s such is protected
against overlosd transients.' me these cansxderatjons we .
rjonclude that the rectifiar current regulntnb permits a”

rdpxd enarguntion of the DC 1ing (from zety to the meximum
power) with restrained’line condictor puwer losses, and at
the same tihe grevents the grrouth of dangerous current penks\\
by Fixing o maximum current limit (Kimberl, 19713)

Ths table, 1{| Fig. 3.4 g:.ves the values of line vnltsga,

& andy dat_the AopTlo. o 2 nbal tati

, when only o%e converker group is in operation (mgnopola
wodo) and,also in cose df 8 conterter groups in aperat.wn
(bipolar. fade ). The figures on the tahle indicate that
the DC line energization i actuated by "gradimal incre<
asing of the curvent, which lelidg to = DEPoder im%ep$é

‘“The increase of DC transmibted powey ends. when the Gtittenty’
veaches the maximum permiasib}e limit (¥l load 1 BGOHA)Q“

The rectifier current reguletor controls the current By “
chenging the delay Firillsa angle X (see Chapter 2) and con- -
saquently the output rectifier voltege which is proporé
tional to the Function COSK. ' The proportional Factor js
the rectifier internal no-load-veltage (see Chapter 2),
regulated by the transformer tap-changers. “'In steady
state (full lomd) power transmission, the deldy angle of % '
assumes B value of between 19° and-13° for, a fixed pusl}:ioﬁ

of transformer tep~changers. 7

The tap-changers are dg . rease the rectifier
voltage in case of @ > 15 . v!)éx’ease the rectifier




Bipolar operation .. Monopalar operation
Power From ) 4+ b, P 1 +p(l Power
Songo *{ Converted Grioupe Converter Groups at Apollo

i (AC) Ky (DC) KA (DC) Ke(ow) KA(DC) MW (AC)

50 126.4
TO0
150
200

1)

u) Line reaistunce = 195
(b) Aux. losses Songo & Apolio = 8 MW
(o) Songe bridge DU volta = 133,3 kV

*  Maximum pawor of 1, 2,.3, 4, or 5 Generators
#¢ (One Pole DC Voltnge

Asgumptliona:
()




voltage in cage of & < 13°, sa that K will be keld bet~
wean 139 and 19 during steady wBrldng cnnditiuns More-
over, the Luﬁale of Fig. ».4 indicotos that the line voltage
meaaurac&at"bhe Apollo inveeter decreases sl:ght]y a3 the
current i inercasing. This is dué to the rectifier out-
put voltaga drepping when curcgnt innreases. Since the
relstionship bebweer the line Kurrent and voltagns at the
DC torminals in the steady- stdte is given/{ﬁ the Ohm's law

fe gl Uc_izﬁ vy

L el c2 .

(where Ud1 and Ud2 are the internal vnltsges uf\&‘echher
and-inverter ruupnct)ve}y, R tho line rcs:.s%'mr.e, Rel and
Re2 the commutating rectifidy ‘nvertsr resistance respee-
tively Fyto ohtedn ar-finghisn-of Udd — Yd2,

the reetifier: voltage d*‘op for ™ }nt increage has to
{ A i
be compenssted by a ccrrespund ‘,,_\,,,Mff oltage “drop.

The trnnsmiftcd Line-current ig e(\ ated by the mvarter
tap—chnnger control system whig@ operates ‘to edrrect the
inverter voltage so as to efigire the arnrsmentmnad system

Q 'usnt - voli 'ge linearity: -The, inyerter voltage decrease
H aatruined i @ narrow rangeian the incteasing of current
frem,.the mininum to the maxzm imik The aforementioned
daviation of the inverter voltuge From the rated value,
which is dependent. upon the nigiber.of converter groups in
uperstian, represenhts .ong pai Yar feature of current
control perf‘ormad hy the invi kap- -changer ‘control.

The invertex controt systen u;o ﬂﬂs the task of maintaining
the DC lino voltage eonstan' fo% lany value of eurrent.

This operation is accompliniu st &wo voltage control systems;
the mindmun Yaxtinctit\.r\ asie fequlator (eee Chapter 4)
which by regulating the ext: -.ibf angle : 'Y ,.holds the
factor cns\( constant and .t asiyerter bransformer tap-




changer cantrol which in order to hold the inverter ne-
load voltagn Udi constant {see Chepter 2.3) causes the
change of trensformer tap posildon on the variatien of
the network veltage and of the transmitted DC curcent.

As aeen in Chapter 2 the DC voltage of an invarger bridge
is given by B B

Ud = Udi.cos A
G x ri,‘

Ud is thus mainteingd constent by the action of both the
aforementioned control systems,

[ i and D i of D&
fransmission Working Points

From what has been seid in the previous chepter, a HYDC
link operates st definite values of current and voltage
pnder the combined action of the rectifier and inverter
automstic controls.  The wotking cn};dihigpe of an HV{DC
system may therefore be describediby curves; which are ob-
taineble from the .crossings of the rectifier and inverter
control characteristics (Fig. 3.5, 3.5b). In Fig. 3.6,
these chanactetisﬂés are combined, Thg’it erossing point
A representy the actual warking boint of an WVDC trensmission
scheme. . The crossing point A gafi be sfiifted horizontally
by the rectifisr current tegﬁlatur (constant yoltags) with-
in the permiseible current range, or shifted vertically in
a Mmited fashion {constant current) by the inverter trans.
former tap-chahger.

In the prevailing working conditien, the almost horizontal
lines O =%o and {: Xc rapregent the highest voltages
that can be asupplied to the DC line by the rectifier and
the inverter respectively.
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Normally the maximum rettifier voltege corcesponds Lo @

Fixed firing delay Bngle (% = 167 in Sango), but as men-
tioned previously; & veriation margin of Ky -is provided-
ifvorder to vary the maximum rectifier voltage as fast as
possible (& min = 139, ®max = 19°) {see paragraph 3.2).

The maximum voltege supplied by the rectifier cah be.rapi-
dly - varied by huldmg ¢onstant ‘the cu“rrgnh tranémisaiun
as far as pessible, expecially when Sudden inverter voltage
chan’gesaf‘ 1imited smpuntare teking plage: . In other wards,
a8 can be Seen in Fig: 3.6,-the voltage difference bstwsen -
" the reectifier and inverter, represented b’y the segment BA,.
is ‘mpt constant only by the fagt actiof af the cufrent
-eoptroller, if the inverter voltage, Qhar\gég do nat exceed
2 percentage of- the rated value, sghroximetely egyal to
\}ultsge variation represented by & -tap-changer step: - At
Sango and Apo\llo a tap-changer step.represents a 1.23%

variation of rated AC vélbnge alue. i

If the network voltage variation at the inverter exceeds
the -aft tioned voltage perce y .the action of the

rectifier current .controllér precedes the slow performdncea g
of the tap changer control, {see paragraph 3.6} which in {
that case causes the tep-changers €o run towards ane of Ewo J/
extreme positions (steps “IJ ‘and 27 respéctiv)ély), until the
voltage balance required to keep the nominsl line current
steady, is agein re-established (sa; pdragraphs 3.4, 3.5). "=
Also duiing line re-energizetion, ithe Faat"action of the
tectifier current controlléer in changing pin proximity

of nominal value §o aids the DC systslﬁ to r;apidly reach

the full load candition {Unlmamn, 1575)

The DG inverter voltage, as illustrated in Fig, 3.5b is
held congtant at its meximum value for any current trans-




mitted by the regtifies current contfoller.
. i £ ;

The inverter veltage isheld constant by the constant
autopstic controllars with the ald of the inverter trans-
forher top-changers. " '

The constant ¥ vegulator 1 a real~gime processor (sce
Chapter ), whjéhj%putg’s\thu'Firing ngle of eacty inw
Verter’ bridge valve by rSgulating ‘6 extinction- sngle at a
Fixed valuo. {18° Sn Apollod! ‘The Firing angle is syn-
chranized With the sltefnating line to liré. boltage,
detected at the netwdrk side by means’Bf.cicasureient trans-

fotmors (¥Ts)  3A order to obtain pure ainusoidal volbages
in bhe synchrenizing cippuita of the Firing controller -
Fig. 3.7 illustrates the transformer Yine to line valtage
replice and the ad‘\‘rar\cyed\ ,irlﬁrg anple as they appéar on the
osgilloscope. . v ;

s . v ‘ &

IN ! " 3
Fig. 3.7 -Lipe to line voltage 'synchronized with
firing pulses.

S),nce\6 qan be regarded as a time in agreement with the

: *6 = sty it is possible to say that the real-time pro-
cessor of on inverter bridge dekermipes the optimum time
for Firing the valves before the commutating voltage scrosg.
the valves reverges. In performing this important task,
the‘& reguintdr must

> e aonatantly grialyse the commuteting voltage peaks,
the commutation incictance Le, the valye of the
actual DC cyzrent; !
‘

i




. (B} moanure the sctual ¥ of the outgoing valve iand
nemprise it after guch valve firing; =

(e) < .selact tho minimum of the 6 memorised Y values At
the end of any Firing cycle (see poragraph 413.1);

(@) - coppers the selected K with the reference, valug {“’
A corrective sctions on the valve firing timés of
. the next firing eycle ave cerried out only &t the
end of these operatioms; = - -

The relation

cos ¥ = voswt + 2%ckd / 36
(Kimbark, 1971b) ) . o8

correlates all the quantibiey lpvolved *
cesgifg.of a xregula.‘:or. »t can be-al

Goswt + 2%eXd / 3Em = const

8inke Kﬂ is held vonatant by the automatic regulator.

Conpidering 2Xcld / 3Em consbant i time, the firing time
of ‘the valve is computed a8 'a  Function of the, choosen *

FETN .

Fugthermore Trom

Ud = Udi cos Kn ~ Reld*

which gives the relaticnship between the line DC voltage Ud -
and khe {" extinction engle. Ud appesrs to be almost
constant if cos N‘ and Udi are held conatent.

* The above relation has been given approximately in
Chapter 2, without considering the c.c.d. due to the ‘nega-
Live equivalent commutation resistance Re of the invester:




Voltage Drop at:Rogtifier Station - Current Contral by
the Inverter Real-Tima Pracessor ’

The. almast vertical segment FO of the Inverter charagteristic
in Fig. 3.6 iapteuhnts'tha eontrbl acticn,’ performed by the
inverter aubgmatle control on the system corrsnt. . ‘In the. ..
noreal working condition (steady-state) the eutomatic donprol
at dnverter side is esseptially direcj:ed to keep the inverter
output. voltage st the rated vplle };,Iﬁ @gulating thex extinct—
don angles for eeth bridge. - When the"System current diops
10% of .bhe rated value, the Y extinctiow conttollers are
taken out of inverher voltsge control undﬂa"cq replaced by

the inverter current coptrolier’ tsee paragraph3,9.2) which;
in the same mnner ag the rectifier Id co’r’xtmllar, exerts. -

a tommon cofitral dckl HIY “invertersof. & pu.\e, - Such ?
zetion copsists of & fast incresse.of ‘the, advance firing, angle
ﬁin order ko decnaese the pqle valtege as snnn as possible,
thereby avoiding the collspse of thé current flbw.

OC line cursent drop.is due moskly Eu a rectifier voltage
drop; thet is, a collapse of rectifier, voltage under the
inverter volbage maximum levgl. *

i "

In Fig. 3.6 Ehe tentrol of sysbewcurtént-’\'is Enﬁen by the
inverter id controller, Fig 346. a.\au‘ shows. the new- rec-
tifier voltage C’A' after havihg dmpped from the

primary level (segment € B') obtoined thla time by. the
crossing of the inverter current conl‘.rol end the rectifier
valtage control charackeristics respectively. It is clear
that the inverter Id controller teking over the curpent
control prevents the sudden collapse of power transmigaion,

which however decresses proportionaily te the veltage drop,
with the current kept almoslk congtant, Also the rectifier
autamatic control reacts to Lhe rectifier voltage drep by

} Note: The invecter voltage weximum level is thot at
tho minkmum posoible current transmission.




| decreased by th

rapidly incressing the voltage at the rectifier output.
The id.controllsr van only increese the Pectifier voltage

up ko & certmin amount, and the task of increasing it
further is performed by the rectifier tep-ghanger congrol.
- . . "

In eanclusion, the combinsd performance of tie afm'emantinned
cantrol systems causes a new lower valtage balanve between .

the ractiffer and inverter groups, biit. the cnntindlhy of
the rsted current transmission is meintained. i

With -the help of the‘ oscillograms of Fig'.z.a- ';‘{e‘cn‘rdﬁ'
Apoilo inverter station, we can see the inver':ezu voltages -
{oacillagram 133;5;78) apd the line vniiage (nscillugrsmd)
inverter Id cnn\:rollap,

result}.ng frpm
to & bridge loss. The Dutage ot the rectifier represen’ts

a 25% lass of the total rated pols vultage tﬂ: b Tec if.ler
side-with 4 nunver&ar groups in openatiun {ali& pale), and -
to keep the original voltage balanée between the two line
ends; the line voltage at the dnverter side should also be
decvessed by the same amount.  This means that the autput
voltage of each of thé 4 inverter bridges has to be de=
creased by 25% to get a total line- voltage drop at the in-
verter end counterbslansing the yoltage drop at the rec~
tifier @ide. Taking into mccount that, the action of fhe
rectifier current contreller can raise the pule voltage
with the remaining three bridges in opersticd.a 50% of the
voltage drap by shifting.the firing angle & to ite pex-
missible minimum (9°) , & decrease of sbout only 10% on the
voltage of each 1nvertar‘bzldge, will lead to satiaﬁéétnry :
voltage balance between the inverter ard rectifier skation .~
|0 as to guarantes the flawing of current, though reducsd

by the same percentage,




JISYTOIUOD HOTFIUTIXT m m..z 4o ferjues auj ways 03 (oTTody 38 popiooaz) sweIBOTTTASO FAIBAUL

“ATenT30adsed J9TTPAIU0D JUITIND 8} pue

8¢ ‘Bry

£ 9bptag

afieaton
A R e A AP AN, otog
IBTEOIFUCT UOTFOUTIXD. 2
JuszIN0
=3uazalay

Jus1Ind

Ten3oy

ANANAAARARANAR, |

ANARVAAAANNANSN

ELUER 1]

ANV, § P

I AVAVAVAVANAVAV A VAV VAVAV AVAV AN SR <bprag




In the ascillograms of Fig. 3.8  the timo interval tq-ty is
related to the performance of the inverter Id eontroller.
Due ko a bigger % Firing apgle thorE’/in a substenéiul fnc-
rease of tho bridge voitage ripple (oscillagrams ), aid
the lgwer power ’c:nqemln\slon fagtor and eleetrical strweses
on the dnverter valvos moke such afeature of the automatic
control objectiohable for a sBAtinuous power transmission.
Ify, t’:heret‘nre the duration of: Bhe 6 rectifier vnltage drop
is thaught: to be dangeroa&ly lnnger thaih ‘an established
time (10 = in Apuno) é\a to a ractifior bridge nutage.
then an inturhtip f(.lm:hxun igsupd-vie the PLC ¥ system by
the rectifier moni ring squipment will cause & bridge
outage {instsnt t,éi% g"ig. 3.B) at the inverter gidé and the
automstie controls ? both stations will veiy‘ goon resune
operations akéid. lower linervoltage

thelr nozmal bype o
level (osci.uugrali d in Fig, 3.8 ? It is important to

note thak, from thet hifacld said, in the steady-state

the rﬂnﬁif‘iar and i’nve%fp}l control syskoms: operate indepen-
dently. Th_\s nucurnenc oF an sbrozmal aibuaLmn such as
the rectifier voltage drnp unifa.es and caibings their cantrol
gction to maintain as far as puas:\ble transmissiun nF power.
The rectifior and the mvcntet Hutomatic control are linked
by:

(a) the eurrent command ot,\ihn reference current signal
transmitted to the inverter sutomakic control by
the rectifier megsuring equipment
{see paragraph 3,9 )

the reference volbage signal transmiited by the
inverted measuring equipment to the rectifier
control (Kimbark, 1971c),

Voltage Drops at the Invorter Station

* Povwer line carcier




In the cas: of yfeduceu Anverter output voltage due to &
dAtop of al‘\:etf{u[ﬁ_ing voltage or becauge of & fault in the
Firing control of e bridges,-the inverter characteristic
(Fig. 3.6) ia shifted downward. The current remsine at
the same level, but the power is reduced propartionally to
the iriverber voltage reduction.  In fact, in ronsequence
of the inverter,volldge drap, the system current tends to
increase; but it is prevented from doing so by the cutront
controller at rectifier gide, which causes the-téctifier
output -valtage to decresse, by igniting the bridge valves - .
with a bigger Finming delsy angle O .  The mutometic contrel.
of the 1n({sﬂ;\sr can tapidly recover the drop in voltage if
such B dr:ﬁp\, does not 'exceed 2% of the rated invertep voltage
valus. Theorstically the extinction arighe controller (sée
Chepter 4, paregraph 3.2) dould restore & 6% of: the voltuge™
rated value, if the aforementioned Y controllere were frae.
to fire the valves with a smal}ér advanced firing.angle on
the occurrence of inverter voltage drop. But e solution of
such. & nature leads fo danderously decrease thax angle,
which must be.maintained at such & velue (18° at Apoile)

as to gusrantee s safety gap in respect of the minimun
angle (9° for thyristor velves) at which the inverter
operations might be jeopadized by commutatfon failures

(see Chapter 5). If the amount.of the voltage dran is
bigger than 1,2% of the inverter voltage rated value, the
inverter tap~changer conkrol will operate after & certain
delay and voltages for an extent (27 -No) 1,2% of the rated
value may be restored.  No representa. the maximum number

of steps that the tap-changers have to run before reaching
the highest step 27, which gives the maximum voltage ratio
in the ipyerter transformers. Also at the rectifier side,
the tep-ghangers will run towards such a position to
guarentee a conetant Flowing current as-socon as the delay
angle O reaches 19° (see paragraph 3.2).




1:‘1 case of the loss of one invetler brldye or more, the
amount of voltage trop is rolevent end cannot be always
recovered by }:h’e automatic Firing ant-Lap-changer contral.
Noraaver condibions in which the rectificr velves sre fired
with very hig delay angle ore £o bo aveided due to rise of
dungnrcba harmonics in the AC rectifier network {stresses

on the AC filters) snd wlso in tho DC-ling eide (stresses

on khe DC filters), and duo to the pussibility of discont-
in\:lity in ‘currcnt trengmisaion. = So that a ‘new lower vol- :
tage balance bstween the two stations hes again te bs con-
$idered; as usyal an intertrip signal (carrier transmission)
or a mohusl trip of an equal number of htidgeS 8t pectifisr
side will restere & lower voltage bplonce, * Fig. 3.9 shows.
the line voltage drop (oscillogram d) due to'an inverter '
bridge loss end the temporary increasy of the systen currents
(oseillogram b} immediately nestrsingd by Lh)e rectifier
current cantraller (oscillogrom €). a .

Tap-charger Control at the Rectifier and Inverter Stations

Paragraph 3.2 states that at the rectifier sido, the tap-
changer control has the task of meintaining in the stesdy-
state the Firing delsy sngle ¢ within a.limited rengs, and
that hecause a change of the delay engle implies o change
of Lthe rectifier OC cutput voltsges and. consequently &
varistion of the DC tranamission {see poragenph 3.7.2)
capacity although the power demand setting is. uncharféd.
Fig. 3.10u shows the vontrol of the tep-chenger at Songo
substation for one converter grnhp in operntion und Tor'the
maximun divect ourront transmission (Id = 1 800 A), with
variations of the AC systom voltage not excasding 0% of
the hominal velue { 220 kV}. ¥or xemple, the stoady
working condition with AC voltoge ot its nominal velue
(220kV), the firing snale &= 169 and tne tep-changer in
pogition 17, o 5% drop .F tho AC voltage from the nominal
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valie iepfésentsd by pnigf B in fig. 10a causes the tap-
changer control ‘to shift the taps to pusition 20 in order

to restore the daviatian of the firing delsy sogle within

the rengs permitted {13° - 198} ¥p-the stesdy~state condition
(point Cy. It nust be noted that the same graph of Fig. 10a
shows that to keep the DT output voltage constant {n the
steady-state, the tap—chaﬁger control shifts tlie pusitiﬁn

of ‘taps to vary the no-lead voltage Udi within a certdin
range. Whén the drop in AC voitage exceeds 1% of the
nominal velue a bigger fiking delay angle b tm be set by

the rectifier tontrol depending on.the decfAFeEd capacity
of the generators

It is clear that the DC output valtsge wuuld be decreased
and the DC transmission reduced.

The tap-changer control steps the ‘taps Lowards the pasxt1nn
which makes the DC’output voltage capable of transm1tt&ng %
the maximum possible current at s lower level, .of gener txnn
{No-load voltage (see Ehspter 2) adJustment by tap—cha{Ler
control),

|

e

The invartee tep-changer helps the B al—time Processor

( Y extinction angle controllers) to meintsin the OC
voltage constant for eny cufrent tramsmitted by the
rectifier station. Fig. 10b shows graphically that the
inverter tep-chenger controller moves the taps upwards or
downwards to keep the OC inverter voltages at a fixed Value

for any trensmitted current {veltsge regulation by inverter
tap-chenger control).

When the inverter Id.eontroller takes over on the firiﬁg o e

control of the bridge valves, the inverter tap-chengér
steps down the taps for lowering the firing angle P and
congequently the Kextinctior\ angle.  This operstion is
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necessary bo keep the power factor (cusx ), within accep~
table limiks, { Y extinction engle decreased by the in-
- vef.en Lap-chinger control).
!

3.6.7. Tap-éhanger . Controller.

fig. 3,47 15 a block schomabic dingrom of the trans-
. foreer itey controller in ‘use at Songs end Apollo.

/‘l tielized voltages

Logit
selector)

Positive and begative
> level threshold.

Tap stepping CMD's
e i

Memory K

Lower and upper ./
tap copmands

Bp
position

Tap pasition
et s ST

Fig. 3.11 Tep Controller block diagran.

The pole voltage is given o nominal value to meke
the Lap-changer contral aystem indeoendent of the
nunber of the switchod-on bridgos or Trom fihe pule
voltage. The logie solactur provides the inter-
lock of the two operating mudes doscribed in




3.7 Power Casteol
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paragraph 3.6 For both torminals.

5
The positive and negative threshold circuit has two
outpute; one Far lowering end the other For raising
the tap-changer position. The threshold circuit

‘is adjusted €o give an output for sn AC voltage

vanatinn of sbout 1. 23"5 The adjustment is made
ie sych 8 may as ko svoid oscillst.mns af the tap-
changér From'. posikien to the adjecarﬁt one.  In
ather words, the threshold nust output its command
when a certain dead bund-ie overridden.  The dead
band has been estahlished B8 being betwwn 1,5 to
2 tep steps (Zemco TSE, 1971).

General

The flowing of power fFrom hhe AC generators to the
OC system thraugh H‘le canverter bridges’ {rectifiers)
is regulated by aophxstx:ated slectranic’ devices,
which have the main tdsk of maintaining the ronti-

nuity\ of power tranamissiéin in the steady-state

and also during power changing conditions, . An
electronic system designed ‘ta control the power
flow must therefore be capable of

(4} mainkaining the AL frequency of the busbér at
the generstion plént withid the restrained
band (in Songe substation 49,7 - 50,3 Hz) and
reaganahly Limited (in Songo 57 Hz) when load
is rejucted by HVOC transmission ;

changing the rete of AC and DC power as much
a8 possible by a direct control of the generator




3.7.2

oiitputs snd the OC Joad transmission
respectively.

(o) maintaining transmission reliability and
pvailability capacity

(d) and-Finally co-ordinating the operations
needsd for power transmission Between the
dower shatiun and DG 1ioks.

_Tha foregeing ars f‘undamental r\equuements toénaure

the total AC generated power corﬁatsmn Jnﬁu g
power and its transmission icx the mverter end,
odar any, warkmd ndition (Kinback, Prl

Some of the a't‘urem;r{tionad'requiraments, however

are nat always sstzsfactor.ny achieved during yery
fast transig-ts and lin the =vant of load reJect;nn

by the DC trsnsm;ssiun This :.s mamly bucause

the powes uuntqullér“ 18 Hinited o0 _ﬁve performance

of particular taks {ss for. sAnstdnce repid and. . ¢
etlequate rate of power. phanges gt the ganaratnx out-
puts in relation to thé speed .af chane of DU power),
by several Fa(.tors related to the type. and duraLmn X
of the disturhance and” tn véry diFfErsnt tims Bons= .
tants of the systems una\at control (sea Chsptar By
paragraph 5 ). Corgequently during losd rejectio
there is the possibility of the .occurrence nF AC
frequency changea making tha tripping of the AL
filters unavoidable. Fur‘rh&rmure, the t“lpping

of some generators is to be expected when the urs
bounded increass of Kinetic energy rsises the fre-
quency enormously and puts the ganemtnrs urider stress,

Master Powar Controller at the Reotifier Substaetion




The gystem for the control of power flow at Songo
substation-ig nemed Haster Power Contraller (MPC)
ond coh be schematically hepresented by the block
diagram of Fig, 3.12.~ Two-main functions are gene-
rated by the MPC to control Lhe power finw: the
command (POt jand P02} to the controllsble generators
(the contrnllahle generators are thosb allocated o
& particular;DC pole end receive & power prder
directly fram the MPC) and the pthex, (PN1. and-PNZ)
to the DC pole controi. Both are derived by the
potual power transwitbed signal (PCY snd. PC2) ak
' the optputs&f the .power démehd“dietribution nodule
s gesult of tho actual power demend setting and .
the actual DC pale power-cspacity calculation,

{a} Power Capacity‘af a DC Pole

The deteiination of power capacity ‘or the
meximum possible power of the DC pols, ‘is
calculated by multiplying the selected: minimum
of tiie following functions:

(i)  Maximum possible load = 0

(41} Idref (Curreng control see parsgraph 3.8)
set valus derived by the powsd ordsér
(NPT and NP2) to the DC cnnhrpl

(iii) idref = 0 From the various prétection
oireuits

(iy) Ideef = ldn, the nominal mexifum direct
cursent {1 800 A) used to determine the
"ax possible powexr®

with the pole vbltaga (sa¢ Chapter 2 parsgraphi5 ).
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Frequency Control in Skeady Condition

The measured AC frequency on the busbers is

led to two MPC modules which aré cortrolling
the system frequoncy by varying the power order
(PN1 and PN2) to the BC losd, snd by modulating
the power order (PO1 and PU2) o pach individu-
ul generabor respoctively. The module used
to coptrol the froquency tb}uugh the power
avder to Lhe OC lood, operpies when the fre-
quency exceeds a certain limit ( ¥ 0,2 Ha) b);
Altering tho DC trensmissipn 7apidly..

#hen the stepping Ln or down of thy pn\yax\‘ causes
large veristionn in Fryuaricy, Lty tontrol- tg »
performed by both modules.  Sinee the power
delivered by the generstors cen be.changed,
slowly, the rate of ch’anée af the power order

to the OC tranamission must be properly adjusted,
B get o swooti. fnevedse ue decrese of pover
transnission (Calva:léx, 1972).

Control of Frequency an BC Load Rejection

In the event of DC load rejeckion (50% rejection

for a persistent lault on-one line, or 1008 rejec-
tion for o persistent Fault on both lines) ope or n
more cantrol fraquency modulss will intervene. and )
compute the surplus generator capetity due to the
lpss of & pale or two polms; and will trip suffi=
elent generators Le retein the freguency rise. to
approximately 57 Hz (ses Chapter 5, 50% loat rejec-
tion ak Songo due Lo a lino fault).




Cutrent Referepce and Actusl Current

The refergnca Eurrent is @ function originated in the
rectifier automstic control by dividing the power order to
the DC trensmission with the sctual polé Joltage (see blook
disgram Fig. 3.13).

The vefarence current i*epraaenf;a the current which, at sny fn-
stant is to be ransmitted for satmfymg the two ‘require~ *
ments of :totdl power demsnd * and 'the maxxmum pussible power.
The actupl systes curzent is the tnﬁnsmitted eursent which
follnw; the variation of the peference current thréugh the
feedback process of the rectifier current controller) whise -
output gives the ercdr functipns used to create the finng
conditiers for the valves.

The referente current is transmitted via the Power Line Carrier |
to the inverter sutometic coktrol,-which in turn menioriass
and ustd 1 ta control the flowing of current when a’consis-
tent rectifier voltage drop oceurs (see:paragraph 3.4).

But in order te obtsin separate actions for the rectifier
and for the inverter current controller in reglﬂat‘ing the
systen current, the raference current received by thé
inverter automatic cantrel is decreased by a c. zcain‘AId.
In the clegsical DC characteristic of Fig. 3.6, suth &
current margin is represented by the segment DE on the
horizontdl axis. We can coneluds bhak the invsrter eurrent
controller is activated when the system current drops to e
value 14 - Ald. As we Bald in the foregoing, the rated
value af current transmitted from Songo, being around

1 800 A, e current decremse ATy equal to 10% (180A) of

the rated value will activats the Apolla current centroller.

3.8.1 Current Reference Limits and Permissible Rate
of Chenge

The totel puwer demend is the power required by the
inverter end, limited by the meximum possible power
available.
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1t is very important to enaure that the reference
surrent function doas not exceed s taximum {upper
current Jimit) because of the pussibility of thermsl
damage to the: ;IBIVEEI of to the line, whéri line
feulks ooour, by the mctual cucrent. (In the

Songo - Apollo scheme, the upper current-limit is
1,25 times the rated current 1 800 A).

Moreover a mininum curfent 1init is alep determined
by an electronic device operating before.ths refe~
xence current inpub of the reetifier current
* controller. ' Ae illustrated in Fig. 3.14, such a
device has a transfer function that is linear frow
& Fixed minimun value of current (360 & in.Soryn),
and varies with a maximum permisasible rate of change.”
Such characteristic dpes not allow the Taising of
* intermittent current, expecisily when the recfifier
valves are fired with.the bfggest délay angle. {low
current).  The Mmitetion of the positive rate of -
change of current is to be considered in relation
to the protection of various parts of the plant,
and fur this reason the positive rate of change is
cantrolled by the value of the main voltage (three-
phase supply network).
o T . E il
Flg. 3.15 {llugtrates the second stage of the device |
1imiting the rate of change of the referance input. ;‘
When a sudden positive change of the reference H
current Uoi* gecurs at & cerfain instant iy, the
Final value of "the reference input Uo is reached
after & delay time t3 - to, and & very short deley
time is foreseen in case of a sudden negative changs
of the reference curpent (instant ts).

* Uoi is the voltage representing the Idref
Funatlon.
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Fig. 3.15 Linitation of the rate of chenge of the reference
current input at rectifier current controller by
the slope )xmlter (zemco TSE, 1979).




In ofder to protact the several parts and equip-
nient uf the' plant, which might be sériolmly damaged
on the oucurrence of fmluras, the OC current may

- “ba réduced by ‘mearis of prutecﬁ!ve and monitoring
deyices. .
he followifig Teble gives a schematic description
‘af the lawer lzmifs of the BC porrent, when particu-
;lsr disturbances ocum-, v '

“(a). Curpent linict Teduced o 0,3 X IdN duetto:

(1). Commistion Foilure of the driverter

(s¢e Chapter 5).
7

Voltage deBendant current reduction
«_from the inverter stakion. {see
Chapter 5).

(6) " Current limit reduced to 0,4 ¥ IdN due. tos

(1) 30 Mz in the polé voltage detscted by
the rsctifier state protection device

- (1) Voltage depéndent current réducticn from
“ the rectifier station protection

~- (¢} Current limit reduced to O X IdN due to:

() Manuel commends from the conttol rooms
of both stations

(ii) Fole differential protection (see




3.9

Current

3.9.1

(114)

(iv)

Chapter 5).

Firing monitoring (see Chapter 5)

from the inverter station

F = €8 Mz (599 WWA).  The-fréguency ..
df the power supply systen (first grade)
is lesd than, or equal to,~68 Hz,

Undervoltage in 3-phase systen
1< 0,5 ULN (from Songa)

A drop in the pole voltdge for &5 1 seg,
caused by th ¥R fai
uohvertét’bridge@agg [
voltage-dependent: \cgrhﬁ;ﬂ.’)‘ d
detector et the rectifier station.

(Ud < 0,5 ULN, > 1 sec)

A fault on the DL lipe, sensed by the
line protection datector st the rectifier,
station, which provides also the restart
of power transnission after a delay from
the' fault occurrence (see Chapter 3,
pacagraph 2.8) oo

The 0,3 X IdN end the O X IdN-command -signels:-. -

originated

iry the inverter station are.tranemitted |

via ths telecommunication system to the miniwmum
reference current selector, which selects tﬁe
reference current for the input of the rectifier
1d controller (see hlock disgram of Fig. 3.13}

Controller

Current and Voltage Controllers at Rectifier Station

i




The wignal current roferencs originuted by dividing
the pawor roforence rom the MPC by Lhe pole vols
tage is on input of the rectifier current regulator.
The othel ifput is thé function to be regulated,
thetis, the actusl oystem current (peragraph 3.8).

' The current contraller Has beon designed with tha
aim of heving a "continucus safety control”; and

“ two cutrent régulators therefore are used in parallel
A sedective sircuit chopses tHe minimum between the
two reguiator outpubs, and only the one with the
ainal leat 6u,l:put regulates the current..  More *

) pracisely thé selective circustrselects among thiee
eignals - the output of the rectifier voltage control-
der is alsc §eiected for “ths control of Tectifien

" valve Firing-as sobn as the direct output voitage

Ud exceods & prefixed limit.

\It can be said that the voltage centraller represents
a protective circuit ageinst tbe overvoltages which
may oceur when the delay amgle g reaches values
beyond the minimum allowed {9° 8t Songa) s "It is
negessary Lo dnplasise thak the delsy shdie s
blocked frém going bayond its minimum bylmeans of
Limiting protentismeters. st tHe outputs Bf the
“eurrent controllorh and dlisa af. dach bru‘]gu vallage
control oubput (ses block Hiagram of Fig{ 3i18). -
Tnet, however; doeé riot elimifute the possibility
of the shifting of -the firing below the-misisum
bgcause of disturbaheds or fallure of cipoudt

components.

Paragraph 3.2 gbates Lhab st the maximum load, the
flring ongie von assuma & value of 13° to 199,

Thie correaponds Lo a curront regulator olitput which
indspondent of the operating buwidge number ensures
the moximum pormivsible power transmission (maximum
eurrent).  IL lu posgible Lhal g oudden




tempr}rut:y drop of the rectifier cutput voltage
would enuge the load eurrant to decreasé (mere than
10%¥..  The current reguialor then forces the delay
angle towards its minimum (9°) id attempt to recover
the vollage loss. In thHis cnua‘the”rectiﬁér
Teurront rngulutm eks no o direet vulkngc control-
" fer ond obviously the cdntrol of curront is taken
by the inverter curkent controller tsee paragra|>h
3.9.8). 1k is elear that in this wﬁnner the direct
voltige ot the sutput of rcctlflcl’ will be kept!
constant by the rentifier current sontofler until
“the direct voitage is restored (Pnragxaplr.'f.a 3.

I‘mm block dingram‘ }'fg- 3. 16 Wie x‘u:h(lcl‘ current

whera 1, represents- the’ ref‘aranne current\, apd 1a is
the actual-value tlf the DC eurrent.

i

Tha transfer functian of* the urrent contrnﬂler ig ra
made non-linesr (Fig. '3.17), ‘to get daﬂemxﬂ:»reSpungLf
Tor errors falling within different ranges. ; The
reason for thet is to provide stability.of the B,
tranamission during stoady conditione Ulowesk, Frox
vn.’lue) and to incresse the flexibility oT thu .
contrgl’ during the Lransient {fiighoat brpor valub) ,
-Because however, of the non-linest affect bn l%hu
delay angle & ; which depends on the current
controller nulfput error, a gorrective cireuit i
(Fig. 3.18) st the wubput of currvent controlier
compensates properly Uhe errav function i avder

ko got & lihewr (X und consequently a lingur control
af direct autput voltage ( 153‘ = gonst. )
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3.0

3.9.2 Current Conlroller at Invorter Statlon

The inverter station current sontroller . does not
differ oubstantiolly from the:one at the rectifier
stdtion

“The error funckion is given Lhis time: by

£ e Ip A 2 0y
The rofatence valug ig now Ip- AIr for the ressons
deseribed in parograph 3.8,

Wihen the error is namgative, the control I'ur»t’he
firing of the valves is performed by the‘x X~
tinction conhtullnr‘(chnptor ll): When, the ‘error
beeomoa positive Lhe inverter currbnf>cnhtrul takes
over bhe control of firing angleﬁfur rgducing‘
the direct outpub voltags -(curnditt contrel by the

inverter}. K

Firing Pulge Spacing Control :,
froviding the firing of vglves al tl‘m some time intervel
(3,3ma corresponding to 600 is n vory iwporbant tusk,
whieh has to be carried out by the sutemetic control et ehe
vrectifier ns vell ne at dnverter station.  The presence
uf hermonies in the commutation yoltages causes the § velves
of a bridge Lo be igniled gk diFferent intervela of Lime.
This generates tbnormul or uncharucteristic harmonies thet
must be suppressed or decroased, .
= firgtly to uvold divturbancey und Intorferences on the
telophono Lines, un;l
- aocondly in ordor Lo diminish the risk of instability,
which might alftoel the entire systom when the ungheracteristic
hormonies inkoroek with the charocteristic ones,
orginated by the convorters during the valve commutations.

*  They are originated when the ignition times of valvss
ere alternatley late and early.




Different methods L6 implement the accuracy of firing
Intervals have been developed, mainly based on the: individu-
al phase and equidistaﬁh control principles,. The use of.
digital cireyits along the entire firibg control.-chain has
alse been suggested.  This would :also improve the stability
of the Firifig pulses in respect to drifting effects, In

the Songo rectifier-gtation and in the Apolla inverter station
the firing pulse spapirg is ruled by several technicel
expedients that contribute to maimtein the variation of

pulss intarvﬁds to within acceptahle ‘tolerapees (0,1°).

Probiable narmériics on the synchronoucs voltsges are removed
by the use of gctive filters at seceiving ends of signal
repeater iransformers and at stéady-workiny condition,

very highly stabilized:300.Hz gererators provide accurately
spaced pulses to the input of ring gounter digital eircuits.
i« unavoidable distortions which affect the Firing'pulses
during their journsy towards the valyss (presence of non-
Yinear components and apparatus such as pulsé trensformers
and fibre optic transmitters and racvuiver:e) are supprogsed’
by rebuilding snd re-spacing the distorted pulses. These
operations are performed by digital processors (command
units) located clase to the velve firing gete smplifiers.
{Uhlmenn, 1975}7).




Chapter 3 stresses the importance of a ncﬁtiéi device for the
supervision of a OC ’G:ransmiseiun link, not only to ensure .stable ¢
transmission of the DC.power, but aleo ta..cops with"unpredicable
events such as power fluctuations, The control device is
necessary because infogmation on these events. is-not availsble-
From the AL hetwork to.initiate control actions on. the DU power -
to be transmitted over the link.

The use of the direct current and DC line voltage as primary
control pepamsters to svéid major consequences resulting from
miner .voltage variations on the two intercunnacted.etwéyks, is
described. The limiting of the current hy the current éongrnuer
for ‘yalve pratecticn (hxghest 1imit} and for avoiding dls;upblnmx
‘of power flow {lowsst Limit},/is also desopibed. a

finally, the control system is dissected iniu its basic fundtional”
elements which perform independent as. Well'as ‘eombined actions at

“the rectifier and inverter stations to pretent undesirable

fluetuahiuns and instability thus “" dy ., power

/ .
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CHAPTER 4 |

THE INVERTER AND ITS: AUTOMATIC CUN'II'{iﬂL

Introduction '
/
The primary functmn of the {nverter cunsxsts of’ teanafoen
ing~the OC current- intd a thiee-phase’AC current syichronised
by
withnthe network into which power is to be fed. 3
i

B

uT|’us can be oniy o\St ned by providing the )nverter thh a

T.iring unntm,\ sysmﬁm which fires the valveg at equal inver.”
als of, fne-sixth ofia cycle (60°) and in si{'nchrurusm with

“the network frequengy. ,‘\ .

pnrtanl fupstion which has to be accurstely pere
Prme by the inverter control systen ié ta mai

Ny
tain continuity of power trdnsmission. by reant;\;g,
an of valiage and currént. ung.insted by

'{he‘ ‘untrolling op&ratmns a;:e csrried out by redl timé
J:Lgnsﬂ pmcassnrs, which may intervene at any instant to’
e Afi.nng of the bridge valves so s ta chsnge thew N
a,l. characteristics of the bridge itself to suit .
operating conditiona. B

. &;1 and 4.2 show the inverter bridge operating:in an
HVOC syt the DE t¢"AC current conversion caused by
lcontrolleu Firing of the bridge valves, and the voltsge
across the velves during the firing process. :




TRAWEMTSSION INE POLEZ

L2
Fig. 6.7 Inverter bridge and the DE/AC
“ current conversion.
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Real Timo Processors ab the Inverter Station

The real Lime processor st Apollo 1s formed by the inter-
connection of four basie annlogue circuits which determine
the settings and the shift of the valve flring angle )B

“ fhrough' a common stage or veltage contral blocic.

In the-steddy condition end from a minimum PC current of
not ‘less than ;360 A, the cdntrol of-Firing s fundamentally
kfﬁua to-the nlq“lsed:’lnnp‘ K‘*extinction ‘Bngle, whif;h maintains
the firing engle B sonstent by reguléting ‘L'he"\ Y extindtian
afigle of any valve t§ Be fired. - Reglilatihg the y Bxtinction
angle also. maintains the bridge DE voltage at a constant
. value of ut leash within limits on thé varying of transmitted
current.  {sée P[uz‘agr:aph 3.2) b
@
The shifting ¢
the 90° ramp generstor in conjunckion with. the bridge .
switching on @nd of f, or for protection: pirposes, by 60°
shifter in the cvent of commstation Faijure (ses  * s
paragraph 5.1.5), or when the dnv ‘ter valves are fired
With a bigger angle (inverter t control) to degrease
the inverter vdltagh to maints ubrent Flow when™
there is a drop in Tectifier voltagh.

The block diagrdn of Ehe resl & ‘Phocessior controlling

the Firing of an inverter is represented schematically in-
Fig. 4.3. § T
The output of the conkrol voltage blogk is the centralled
function which causes the ‘nutwork-synchrenised pulses from
the firing gemerater to fite the bridge valved ‘with:a ¥iring
anglap suitable Por th‘a actual working eonditidn.




90" firing Synehronlzation
tronatont . R

Fieddg. Valva Firing

- Voltage generator, rudees

Controller eontral - 1 tind controliar]
. %

[

)| Burrent
conkroller

60" firing
| pratection

Fig. 4.3 Block diagram ofi.the real
(Apollu) ’

&

B . “ : ok .
The ‘K Extinction Control loop at Inverter Station
.
Fig. 4.4 shows the block diagram of the K regulator: loop
operating at the inverter bridge.

The various Functiﬁnal blocks' forming the nlﬁsed—:dhtrdl
Joop are partly situated indors and partly outdeors, and
becauss the control and the protection signals are trans-
fered to and from the bridge valves, they heve to be 7
shielded mgainst the possibility of external disburbsnces.




Fig. 4. 4 sumnerjzes 81l fufictions ecatried out by the
ihdoor ‘control eireuits, which will be discussed in the
followm;; paragraph (Zamco TSE, 19799)

4.3.1  Indoors : General principles ébuut the Eepor. ..
! Funetion, Feedback-and Control Elements of the
7 e EXEfhetian Controller, [

The: functian erfor.& is givén by the fifference
between: the actual‘value of '( selected ss mininun
amnng 6 Ksngles measured for &geh bridge” valve at
any/ﬁrmg cyele and a predetermned refe;cem\
value (18“)

[ S
The selection of the minimum x as actual vslue is
based on the nuncept tu o an. errdr which den

* before the regm of the pusalble commutatidn failuse,
is reathed (gee ter 5). Corigidering. the, Wi\\L_
age ecross the ¥alves as the ponttolled vaﬂai)leﬁt\b
the output of the Y control'loop, & tradsducer -i$
used es the feedbhck elemunt regquired tb establish,

a funckional ralatif{nshlp betwedn the actual‘& and
the valve voltayss, The Funchiens of the trans-
Hucer are: ‘

- (a) to accurately meesuré the duration of the
’ revers¢ voltage scross each valve 4t each
firing byele;

{b) to tranaform these measurements into a sedies .-
of & voltage quantities or levels; '

* Xa = ectual , h/r = reference
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(c) to ssluct the snellost of thess levels, to
gat -tho uetual value of ¥ noaded to form the
error for the setting pfﬁtlm new firing eyele
(sve paragraph 4.2.5),

"The gontrol element of the X regulator consists of
a succession of seversl devices which are z~equ1red
for:

{d) generating the apploprlate cgnLrnl a:gnals,,
(sea paragraph 4.3.3);
trangpitting. the curxito‘ signale throygh the
bridge high veltage - 2968 (aeﬂ»paragmph e } &
“abd 4.6);

ot

a

reforming, "!t:hucli.‘\ng” and rerLpangforming the

control signule iisfore Lhey are applied o
" the valve control ystess (see paragraph 4.6).
(Myttelses; 1969). '
43,2 The Xcontroller dnd the el:::or funetions

(o) e arror bet eef, tha reference value end thex
minlnum golected,ljmm Ufth 6 actual values
fisasured at vseh Vgvé is calculated by pebns
of on, operetional amplifier at the input of
thm",ccntrol circuits  Considsring the block
achematic diagram of such circuit {(Fig. 5D
the eprors X- \‘h “z' abteined are arpbified:
differently by two blocks K, end KZ in paraliel
in such o way thet the new evrcns 2 will be

8! =k1g. fer &< QK UR
gl for £ gy




P3HOTTE JUaIIND J( JO 9NTEA Wnututw = sPT

abueyo jo @3eT JUININ mcﬂ = Wmn

sBueys 4o @jex abeyroa oToy = mw

Suerjouny Isysuedy seofq weiberp = g---vby

LA

-weaBETp I0Tq IATTOIILOS )

‘T0Tju0s 9beyTop

Sy by




This means that the entire black formed by
the two Ky and Ky in parallel modifies the
error transfer funotion from linear. té expo-
nentiel by combining two different error ramps
(breaﬁhg point Eg).

The block Ky gives the conmand to transfer the
error &' ko the output of Ks when the diffe-
rence &9 = Id ~ Idd * is pesitive; that is
‘kesoverstep the ragion of the intermittent
cursents. : Ve

In vonodugion, the steady operation of. the
extinction sngle controller is chavstterized
hy the eduaﬁinn: & = K3 + £17 where K3 can be
congidered constant and equal to .one.
Pisturbances due to the positive current pete
of changs, or due to the negative voltage **
rete of change ovér certein limits, modify the
error calculated by the sumnator $ end the
paralleled blocks Kq and Ky, *»*

Therefore the general expression of the error
at the {cmntwller output will be

. aée
21 (& "KUH‘E"KS. +K5~—-~
for Id > 0,25 IdN,

*  NOYE 1: Ids represents the minimum value of
current allowsd for DC power tirens-
mission {360 A at Apollo)

** NOTE 2:  Network voltege

**+ NOTE 3: The negative voltage rate of change
has been prevented from uffscting the
ervor functiona at the Appllo
controllara.

o o e Sl

Sy




atherwise 6{ = constant {= 0,35 V) for any
value of cuppmt less than 0,25 1dN,  This
meana ‘that. the: * control loop is-eut off From
the valve firipg process when the bridge is
in operation and in the absence of DC current.
In such & cese ths valvea are fired under the
control 'of the ifverter current controlisr,
whose output signal (- 1,7 V) for Id = Idref = 0
is selected ss the minimim by the threshold
selector (ses Fig. 4.6), The minimum is
gelected from the signals at the uutputs of
the 1d controller &nd x-nontralger and is
trensferred through the conkrol valtaga block
to’ the input.of the tnigger generator,  YWhen
current flows, Fiiing contrak is rapidly taken
over dgain by the extinction cont¥dl logp
Which "is ellowed t{ extend the control of the
valye ficing ﬁ ip 4 an angle with the swuallest
errmxtted. ( The xw:ontrollar gereretes
the maximum error £ max (- 1,7 V) ) The
niginum exror €3 min (= 3,6 V) is nomally
reached“in caBe of negative voltage rdte of
change du/dt.end positive current iate of
change di/dk. -The twd rates of change must
exceed a certaln limit before the threshold
blocke Ku and-4i ‘respectively Gause the proger
error coryection tc increase te firdng engle
B, tn attempting o keep Kcunstant

NOTE:  The error &4 meximum must be limited
to maintain & eafm flring mergin from the
region in which extinction anyle can becrme
analler then 90, (vecovery angle of the
thyristors used st the Apollo bridges),

and that te prevent the oeourrence of valve
comutation failures. {see paragraph 5.1.4).
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“'Fig. 4.6 ULContrullan—uuvrant contreller thiunhold selector (Zamco TSE, 1979).




(6L€1 ‘3sy 0ouey) 3I0VATAS PIPYSaI AsTT0U00 u:mi:uunm#.mub:nul.h 9y “brj .

Toaguca

abeaton of |

AGL~

TSTEEOE
ieain una 4

12770330008, un¥y




)

Nevertheleis if the rate of chomge in curpent
is. very stesp, commutation failure is bourd
to oceur in same of the bridge valves, ds
discussed in Chgpter 5, paragraph 1.4,

() Disfurbances on the Y Cofitral Ladp
DA d

s eonsider pow the block schematic, diagran

" GB1L as the, input of outp
voitags block.  These distusbundbs ey
originsted by fluctuution. ot the ampliticr

T oporating Roints; sudGE e
A failing power supplies, magnetic figlds, or

" morely electronic device fallures. ™

Voltage

cantrol

”‘J-,’il{ ) K Control loop bioek diagram.,
Disturbance st transducer optput.




.
(e) Disturbances at'the output of the Trsnsducer

The disturbance Aj considered ss voltage at
the trancducer putput, mway affect the control
loop by adding @ positive or negative quentity
ta the measured feedback value Ya,¥ . As

expenigneed several times, if due to the
dizturbance effe: Xs degreases, (sometimes

reaching zero) the éfror g) Wild tend to Y.,
reaching zeto) the éfror g’ will tend to X"

X\i‘ is negative vTha valve firing will move
towardsithe bigger angles, so gs te decrease
the bridge voltage and when Y, +A; = 0, the
firing .angle OF the valves is at the maximum
value e;lnysﬁia&hh&;a’;g@ tion confrol
Joop. - 1f [\ is not a tyansient disturbance,

but is permanently present affecting the
measurement of Xa’ the bridge voltage is also
conatantly sffected and the deviation: from its
rated value can be eBigisared proportiona}l to
Ai within the controlled dfigle rangél. .‘;F‘nx}
instance when Yo +A'i = 0, the bridge vblt-

where AK Tepresents' the \sz‘ievistion for

Ai =~ 1Ygl-.  hen AL is @ positive quan-
tity (less probable ), it modifies the § o dn
such a way that &} increages towvards zero.

But deviations of £1 in that gase can reach
8 maximum which depends on the minimum ‘( B
angle permitted. If 5% were not limited, it
might rise to & value (+ 0,36 ¥}, so0 that the
\( extinetion control loop is blocked from

valve firing by the intervention of the minimum
selpcting circuit. . Valve firing sontrol is
then taken by the inverter Id controller, which

* ‘{u = sctual velue of" .

age drops to the minimm velue Udicos 08o+AY)




muinkaing & fixed oulput valye (- 1,7 ¢
provided the systew cuceoid dees not de~
crease.. lhus in wusu ol o persistent
wphtrakler sutuge, due to. the presence of

» stogdy disturbance, the ld eontroller-per~
Tormg . the only postible firing contrel. The
figing of the valvea lhercfore is dictated by
an upen cuntrol looy, which does not agsure
Ue stobility, of tiw firing end does not reacl
tu bridge voliuge viiriationg. B
1t we. consider now the trensfer r‘uncti;:n of
‘block diagram of £ig.- 4,7 with the only in- .
Fluence of disturburice at the tragsdoces output
it i& possibla te wpites,

R L A
PESHE Mo v g e

A T
vhere A = A~6. n l\2 ‘and A = A1.A2

Currgnt
gontroller

A

‘Teansducer

F1g 4.8 Lux'mnt controller controls Firing when
CgavAid =2 1,7V wid aluo when
1d < 36UA.




Conaldaring A /(1 - A} s a constent,. from

- -khg ahove relublonship, it is pussible to
soe that tho autpul U(8) {s varying lincariy
ot a runctiun of the digturbance A In
agredment with thot stated before, we ean
therefore conclade:

sy 0 i Ayn X

'
U(S) the. mkimum Vbluo parnitted-for Ao}
U{SY oy represent the Firing nngl‘e“ﬁ.

bisturhiances an. the Ldbp Direck Line

Wo now considor thcx control: loop with the -
Hrosence: f—ra;d&*;J!l_‘anr‘anth& dizest: )Mie,
for instahce, ot the vul\:age déptrol block
dnput,. (see Fig. 4.9)s

Voltuge
control

Fig. 4.9 xCuntrul loup block diagram,'’
Disturbahce at the K-mmtmllar outplts




BS) = (e ey}« Ay« Az = A L (8] +AD

whare A = A . Az

Since 51' 2 Ao g wo con re—wul.a

ws) = (Ay . & +A;) . Therefora Lhz error

AR ‘6!\ Xr can be aleo expressed as |
gy dieaay .A1) *Ls AAy /(1-Ae A* )

Beh; n disturbance muy eH‘act the ficing.of
the ‘valves very badly, and can ghuse t A
inverter "bridge to work under abnormal Firiné.
It is possiblé, for instance; tha¥ ke firing .
engly moves inta the rectifier renge df angles
{Q° to 90%} with a co’nsequent reverséll of OC
voltage polerity across the bridqe, Iis
would lead to mstabl%i\ﬁ of the syst m, ori-; )
ginating Rermonics ‘on DC links; and a| 50, in
the vorst case, Zausing load rejectioh with

thz trippmg of filters and generatord st the )
tectiher stetingi. Bue to feedback Actitn,
the disturbsnces locsted at the loop forward
path, cause the error f}“l to assume the extreme
values permitt!’rd { &1 max = - 1,7 V, 61 min =
736 V), 6t the K gontraller output. ’

Ag & »onsequencs, in-a very short timeafter
the ochrsnce of A;, one of twa pnssibslitxes
will arisa.

() U(S) min + { 51max A0 when Ai 5o
(41) U(8) max + ¢ gpin By when At < 0’

The equation (ii) givesﬁangle as the sum of .~
the meximum firing sngle permitted by the
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