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ABSTRACT

This dissertation discusses and analyses a High Voltage Direct 
Current (HVDC) control system end its various functions, with 
particular ceference to the Cahoro Bassa-Apollo scheme. In 
this scheme, irtverter operation is governed mainly by the control 
system at the inverter end which also regulates the power 
transmitted by the HVDC link in conjunction with the control 
system at the rectifier end,.

: ' ' t -An integrated and consistent approach is developed hr analysing 
many aspects,af HVDC transmission system behaviour. Th'e author's 
experience wi|^ the working system is incorpcrateti.in this study.
The dissertation attempts to contribute towtfrtia knowledge on the 
very imptirWit subject of HVDC automatic control, which ploys a 
predoainav,b isis .in HVDC transmission in general, the methods... 
s(L,pte<f"W cope* with problems inherent in this type df transmission, 
and the operations and processes perftieaed by the automatic 
control equipment. i •



PREFACE

For several years the author was Escort's maintenance engineer at 
the Apollo inverter station (Irene,South Africa), which cefieives 
DC power from the Songo rectifier station - 1414 km north east of 
Apollo in Mocambique. The Songo-Apollo DC transmission system is 
part of the gigantic Cohora Basse hydroelectric project, .

The author vias specifically involved in the maintenance of the 1 
control system at the inverter end, and in performing this task ■ 
it was realised that although much published and unpublished jl 
material on HVOC schemes is available, there is insufficient lite­
rature specificelly on HVOC control systems-. Furthermore, most 
of the available documentation covers.. specific problems end ,

. stydies peitformed by universities, and as Such does not facilitate.- 
the understanding of the control processes of HVDC transm'icsion, 
especially for those approaching this type of electrical engi­
neering for the first time. There is a lack of literature on 
HVDC automatic control systems mainly because it was only a few 
decades ago that the use of HVOC began to be considered as 'a 
serious challenge to the established AC transmission systems. 
Moreover, many aspects of HVDC transmission behaviour are n-jt very 
well known or documented, and certain investigations have not yet 
been finalised.

It was against this background that the author felt that a serious 
need for sn integrated and consistent study of the automatic 
control aspects of HVDC transmission system existed.
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INTRODMCnON TO fKC-BVOC POWER SYSTEM

1.1 An Historical Review of DC Transmission

Pratical application of the generation and transfer of elec­
tric energy began with .the use of direct current, and the 
first power station in the world designed and built by 
Thomas E Edison in New Yr-sk in 1862, supplied DC power from 
bipole? DC generators driven by steam engines. In spite of 
this, however, the advent and development of transformers, 
poliphes# circuits and induction motors favoured the alter­
nating current system of the generation, transmission and 
distribution of the electric energy (Kimbark, 1971).

The main reason for this is. the ease with which the genera­
ted AC.voltages cun be transformed up to the AC voltages 
to be transmitted, and readily lowered again to the values 
required by the consumers. The fact that generation is 
inherently the. production of alternating EMFs coupled with 
the advsnge -of AC transformation, is the basic reasoh for 
the widespread development of the AC system. Thus DC po­
wer played a secondary part for a long period in electricity 
history, and until 30 years ago was confined for yse on 
industrial drives and traction.

The realization that over very long distances transmis­
sion of DC at high voltages might prove more economical than 
AC, has spurred the development of high voltage direct cur­
rent (HVDC) technology.

.n late 1936 the first commercial direct current transmis­
sion linked the ^eland of Gotland to the mainland of Sweden 
and today several high-voltage direct current transmission R .



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

(a) underwater cable acheme
(b) long distance bulk transmission
(c) asynchronous tie or frequecy changer
(d) mixed overhead underground.

DC Application Considerations

The economic advantages of the use of DC lines accrue from 
less insulation, fewer conductors and smaller towers.

In addition, the technical advantages of a DC line ovet an AC 
line might sometimes justify its application.

The main technical advantages of DC lines ora summarized es 
follows:

(a) greater power per conductor
(b) asynchronous operation
(c) ground return osn be uaed
(d) rapid control of powtir flow

On the other hand the transfer of energy from one AC network 
to another by DC is only possible by transforming the energy 
of the AC network into a high-voltage DC energy (rectifies-, 
tion) end by returning the DC to AC energy (inversion) at 
the other end of the DC line before connecting it into the 
receiving AC network. The solution of these problems has 
become possible after decades of development in the field 
of power conversion with the construction of mercury-erc val­
ves at first stage and of thyristor valves in recent tiires 
(Ublroann, 1975).
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1

Voltage Power 
(kV) (MW)

Overheed

Gotland VMstarvik, Sweden . o
Visby, Gotland

English Channel Lydd, England
Bdiinghen, France

Volgograd, Donbass Volgograd, USSR 674(294). 474 ( 294)
flonetM Baain, USSR

Hew Zealand Benaeze, Sout Id 574(354) 610(379)
Hayward, North Id

Konti-Skan . Coteborg, Sweden 88(54) 1 174(108)
Alborg, Denatrk

Sardinia Codrongianoe 290(180) 406(252)
Sardinia,

San Dalcieio, Italy
Vancouver Arnett, British

Columbia
Vancouver Island Ultimate

Pacific NW-SK The Bailee.Oregon 1372(853) 1372(853)
Sylmar,California

KlreDnoreti Klnxsnottii power plant
Beddington and WSl)-
Hilleaden (London)

Nelson River Radisson (Kettld Ultimate
Manitoba Xeplds)

Dorsey (Winnipeg)
Csbora-Basso Sengo.Mozaebique
Mozambique Apollo,8outh-Africa 1979 1B00 0 1414

■ < ■

Via Corsica 
Homopolar

Flrae etaga

Final acage 
Three bridges 
per pole 
Each.pole has.a 
different destination

To be Wilt in 

Built in 3 stages



Moreover the corweroior, operations and the power transmis­
sion con only take p-lsce under the supervision of sophisti­
cated control devicer.

Thus converters end control apparatus considerably increa­
se the costs of the DC transmission system.

Coat of 
DC line

y converters
Cost of AC 
terminal 

equipment

Line length•200
•AC preferable DC "preferable

Fig. 1.1 Comparative costs of AC and DC
transmission systems, Cigra report (1965 Cost).

A study carried out by the CIGRE working committee has evalua­
ted the byeak-even line length which makes DC preferable to 
AC transmission (CIGRE HCPORT, 1965).

Principles of DC Power Transfer

Ihe transmission of energy From a genersting network to the 
receiving one by DC required two energy conversions (recti-



fication and inversion) at the eiids of the DC 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 
given by'

and the DC power received at the input of the inverter is 
given by ,

,-.£onsideEing„.„th.e transmission line loop resistance .as R, the 
voltage drop in the line is I^.R and the power .tosses are

Transmitted current deduced from the above relationship is |
V. - V_

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

The direct voltage at the inverter side is maintained con­
stant for any current value, which will vary with variations 
of the direct rectifier voltage. The DC transmission con­
nection shown in Fig. 1.2 can therefore be represented by the 
equivalent circuit of Fig. 1.3, where the rectifier is repla­
ced by a variable current generator and inverter by a con­
stant voltage generator, fig. 1.3 thus shows the schematic 
equivalent circuit of an HVDC system where the DC is transmit­
ted at constant line voltage (see paragraph 3.1).



3-phase 
AC input

-'ttov- L - q n m -

Valve group
Sending end

Receiving end"Valve group

'Fig. 1.2 Detailed HVDC link-

0 _

Sending end Receiving end



7-phase 
AC input

' i

i i— n i w y - -W^-i r-ORRfv-

AC output

* ^ o w v ~  —

^
Valve group

Sending end
"Valve group Receiving end

'Figi 1.2 Detailed HVDC link-

9 -

Sending end Receiving end

Figure 1.3 Simple DC link



Conversion is supervised by s converter control system, 
Which is an essential part of any direct current transmis- 
sipo.link. The main function of the control system-is to 
reflate the power transmitted by the HVDC link to a. pre­
determined pattern;under steady state and transient condi­
tions. „ '

Moreover, in conjunction with fault detecting equipment, 
the control system takes action to clear certain faults, 
and |to mantai-n the!! continuity‘̂of pojvei- flow in abnormal si­
tuations (Anderson et al, 1971). ■- -

The Cahora Bassa-Apolld Scheme ' /

The Cahora Bassa-Apollo transmission connection was com­
pleted at the end of -1979 when' the ..third and1 last project 
stage involving two new converter groups was finalized and 
put into operation. The realization of this project was 
possible when the fiiiul agreement was reached in 1965 fol­
lowing long negotiations between the Portuguese and South 
African governments. Both governments saw a mutual benefit 
which could be derived frtint the Zambezi water catchment in 
the gorge at Cohere Basse "ideally suited for an arch dam", 
(Fig. 1.4).

Generation and export of energy at relative low cost and 
the agricultural development for" the downstresm. indigenous 
populations was the philosophy on which the construction 
of the Cahora B&ona dam was based.

The contractual work for the construction and financing of 
the project was won by a consortium of 15 international 
companies- (2AMC0) from West Germany, Trance, Italy, Portugal 
and South-Africa.



Conversion is supervised by a converter control system, 
which is an essential part of any direct current.transmis­
sion link. The main function of the control, system is to 
regulate the power transmitted by the HVDC link £o e pre­
determined pattern under steady state and transient condi­
tions.. 4 _ ,. i' " ».

Moreover, iin conjunction with Fault" detecting equipment, 
the control system takes action to clear" certain faults, 0 
and to marijtain the continuity of power flow in abnormal si­
tuations (Anderson et el, 1971). ^ ,

The Cahora Bassa-Apollo Scheme , 0

The Cahora Bassa-Apollo transmission connection was com­
pleted at the end of 1979 when the third and last project 
stage involving two new converter groups was finalized and 
p\ into operation. Ihe realization of this project was., 
possible when the final agreement was reached in 1965 fol-- 
lowing long negotiations betwee/."the .Portuguese and South 
African governments. Both governments saw a mutual benefit 
which could be derived FronV the Zambezi water catchment in 
the gorge at Cahora Bassa "ideally suited for an arch dam", 
(Fig. 1.4).

Generation and export of energy'at relative low cost end ‘ 
the agricultural development for the downstream, indigenous" 
populations was the philosophy on which the construction 
of the Cahora Basse dam was based.

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



The ZAMCO consortium was subdivided into several sub-consor­
tiums to fulfill the varius features of.the civil and elec­
trical engineering work.

The project entered commercial operation in three stages as 
follow:

(a) Stage 1 ( 26 March 1977)
It comprised the construction of the dam well, under­
ground power station, three turbo-generators, the con­
verter stations of Songo (6 km away from Cahora Basso 
dam) and Apollo (near Irene Pretoria, South Africa) 
and twin transmission lines 1 400 km long. On the com­
pletion of stage 1 the transmission of DC at limited 
operating voltages (266 KV) began, with the use of 4 
converters (2 rectifiers end 2 inverters).



(b) Stage 2 (April 1978)
A fourt generator was added and two further converter 
groups were installed.

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

Cohora Basse Generating plant

The station is equipped with 5 generating units consisting 
of;
(a) 5 vertical Francis type turbines giving a nominal out­

put of 415 MW at a nominal qpe'ed of 107,1 rpm, and wa­
ter consumption of 452 ro,/seteond.

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

(c) 5 penstocks, 2 tailrace tunnels, 2 surge vessels and 
the 220 KV feeders to the bus-bars of the rectifier 
station (Congo) 6 km away are other-'relevant instal­
lations of the generating plant of Cahora Basse scheme.

Songo-Apollo DC Transmission

The AC energy generated at Cahora Bassa power station is con­
veyed to the bus-bars of Songo sub-station 6 km away, where 
it is converted by the rectifier bridges into DC energy and 
transmitted to the inverter sub-station of Apollo via twin 
overhead lines 1 km apart and 1 400 km long. At the inverter 
the DC energy ia converted into AC before being injected 
into Escorn network.



On completion, the Songo-Apollo DC transmission scheme was:
(a) the highest voltage 533 KV) DC transmission system 

in the world, nearly 100 KV higher than the - 450 KV 
Nelson River scheme

(b) the largest in power transmission capacity (1 920 MW)
(c) the longest'transmission circuit (1 400 km)
(d) the first power transmission scheme to be entirely de-

■ pendent on thyristor valves end the first to mount
suih’valves out of doors

(e) " the firikt scheme to use- 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 switched (overcurrent di- 
verters) for velve protection in certain extreme con­
ditions. . .

The different modes of DC power transmission used in the 
Songo-Apollo scheme are described-in paragraph 2,1.

.7 Thyristor Valves Used at the Songo and Apollo Converter 
Stations

A very important innovation in this DC scheme is the use for 
the first time of high voltage thyristors assembled in mo­
dules to form the bridge valves. They were designed and me-» 
nufsctured by e ZAMC0 study group TSE (Siemens, AEG Telefunken 
and Brown Boveri), who collaborated in a raseerch project at 
Mannheim Rheinau (Germany).

Note: This type of thyristor, tried in low voltage applica­
tion is designated in the catalogues ea type 
B.St.P.05.110.



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

There are four stacks in a tier (24 or 26 thyristors) and 10 
tiers, form a valve. The number of thyristors to be-Jonnepted 
in series to form s valve was,, based Cin the concept that'the 
valve has to withstand a surge voltage of 3,05"times the ra­
ted direct yoltage. The-factor 3,b| determines ths,-valve • . 
withstand, voltage which is 10% above the maximum calculated 
surge diventer sparkyover, plus a further 20% to al3\ow for 
thyristor redundancy and unequal voltage distribution.

A valve unit comprises two valves mpu'nted in a common steel 
tank with two high voltage bushings, the one forming the po­
sitive terminal end the other the negative terminal. The 
tank itself is connected to the point where the two valves 
are joined together and hence is at the voltage with re­
spect to ground of the transformer phase connection, (see 
Fig. 1.5)

The thyristors are forced oil-cooled and the whole valve is 
insulated under oil. The voltage protection for the valves 
is-provided by means of surge divertere, which limit the vol­
tage to the required values for surge wave-front bigger than 
1/|b . Each valve is moreover protected against surges having 
a shorter wave-front time then 1,Mo by a saturable reactor.

Ancillary valve circuitry is also provided in order to:
(a) Control the thyristor voltage grading
(b) Reduce dynamic stresses on the thyristors



fig. 1.5 Valve tanks forming a bridge ''
(Apollo inverter station)

(c) limit the surge amplitude of the reverse voltag^ et 
the end of the conducting period, (see Fig. 1.6)

The firing pulse for each thyristor gate is derived from 
a common pulse transformer (firing pulse loop), which forms 
the central core of each valve (Lane 6fld Calverley, 197Ub).

1.8 Outline of the Dissertation

The paragraphs of chapter 2 providd a brief analysis and re­
presentation of the circuits and main functions which have s 
predominant effect on the performance of HVDC transmission. 
This preliminary description appears necessary and helpful 
for easy understanding of" the operations carried out by the 
automatic control system in an HVDC scheme, which will be 
expounded, under its different features in Chapter 3,4 and 5,





Chapter 3 outlines the essential objective of the automatic 
control which is to ensure stabls power transmission during both 
steady state and unfavourable conditions. In other words the 
operations,performed by the control at the rectifier end, 
are correlated with those carried out at the inverter end, 
and the purposes of such operations are explained. Also 
in Chapter 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.,Pro­
blems arising on the rejection of DC. power are also, briefly 
discussed.

Chapter 6 is occupied entirely by the analysis of thf,-'con­
trol system which operates at any inverter bridge, to keep 
the invertec output direct voltage constant. Some disturban­
ces which iiitiy 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 ie analysed, taking into consideration 
two important means of protection. The wsy the control 
reacts on the occurrence of commutation failure at the in­
verter side ie described end tba wpy it protects the line 
on the occurrence of line earth fhult without compromising 
total DC transmission.
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 ̂ CHAPTER 2

BASIC THEORY OF HIGH VOLTAGE DC TRANSMISSION SYSTEMS

2.1 Operating Modes or a DC Transmission System

There are four possible inodes for transmitting DC-power-from

(1) the bipolar mode, Fig. 2.1a ... (the,normal mode of
transmission at Songo-Apollo scheme)

(ii) the monopolar mode, Fig. 2.1b (used under line fault
conditions)

(Hi) the parallel mode, Fig. 2.1c (used under 'emergency,
conditions)

(ivj the homopolar mode, Fig. 2.Id (not uaed;on the Songo-
Apollo scheme) (Kimbark, 1971a).

2.2 Three-phase Converters

Converters are devices that convert AC to DC and DC to AC.
(fig. 2.2a). At the sending terminal (at Songo) the conver-. 
tevs are called rectifiers (AC to DC), and at the receiving 
terminal (at Apollo), they are called inverters (DC to AC).
The converters used in the Songo-Apollo scheme use the standard 
Graetz bridge configuration using thyristors (SCRs) instead 
of diodes. ..In-the older schemes, mercury-arc valves were 
used instead of SCRs. The transformer of a converter bridge 
can be oKster-star or delta-star configuration.

t .ri. v.i- •'"ninal consists, of groups of an equal number of converters 
in series bn the DC side. The neutral point between the two 
groups of converters is grounded through earth electrodes at
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...(a)

(b)

(d)
Fig. 2.1 DC krangraiaaion operating modes 

a) bipolar; b) monopolar
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Fig. 2.2a Bridge converter - dcheroatiq circuit For 
The valves ate numbered in their Firing <

Fig. 2.2b Waves of instantaneous EMFs of AC source:

“ s  to (Kimb8rk- 1971)-



et^h end. In the event of a Fault on one conductor, the 
other opeiataa with half the rated load (monopolar mode,
Fig. 2.1b). '

3 Rectification and Inversion, in DC Transmission

In the bridges shown in Fig. 2.2a. used for conversion ̂ of AC 
or DC power, the thyristors or valves Qsed'^;fche Graetz 
configuration have to be fired when the line-to-line Voltage 
across them is positive.'

JTfie line-fco-line volragea are., given at the secondary winding 
of bridge ■ fcrafilforflsjjs by 6 possible combination,a of the 
transformer secondary to neutral voltages (ea-.eb?eab, eac=ea~ec., 
ebc=eb-ec>" eba=eb-9Q. Bcasec"Ba» ®cb=0c“'eb^ as>can be seen in 
Fi,.2.2b. _ /  / /

/ ' r  '  /  ?FrsMii the theory 6̂ , the rectification ,,^roc/sa of "the Oraebt 
bridge using no ^ontrblled 'Gectifying^elhmanta (diodtis Fig.
2.?) , the dirotii output voltage oh load condition die given •• 
by the upper envelope of the lins-to-lina voltage (Fdg. 2.4b).
' The average of such ehvelopf ls% ' = .c .

Udo = 3<3‘( Em /If) 2.3.1 •

where Em is the amplitude of the secondary to neutral ,v6ltage.
It is important to emphasize that due to the relationships bf 
the secondary fc'ii neutpml voltages, only two diodes in aeries 
are conducting and both of thorn for- one-third cycle (120°).
For example, diode 1 carries the load current with diode 2 
until diode 3' commutates and takes over to carry the load 
current together with diode 2, and so on. Commutations are 
consequently occuring spontaneously every one-sixth cycle {60°) 
indicated in number order according to Fig. 2.3. .
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Fig. 2.4 Graetz rectifier waveforms. 
(Kimberk, 1971).



Fig. 2.4e gives the waveshape of^the eurrenb flawing in the 
.secondary winding of the bridge transformer due to the cycling 
commutation of^the diodes. ■

commutations and the flowing of the load current impossible 
unless the thyristors are appropriately Fired on their gate.
The firing must be provided Wi"Caus6 commutation every 6Q° 
and under conditions of positive voltage across the vqlve.
By rising thyristors it is’poaoible to delay the. firing angle 
theoretically fton 0- to 180» (sea M g S v S b ) .

/  - ‘ '
Variationa of the firing angle within such range give g direct 
voltage varying ro ehojn in rig. 2.5.

Up to 90° the direct voltqgbpresents a positive.polarity and 
the load current .is flowing in the direction permitted by the 
thyristors in agreement with the voltgga polarity. Thus ?

..'there ig a direct power flow which %s the result bf the recti­
fication. When the delay firing angle exceeds 90°, the 
direct output voltage changes to 'the negative polarity and 
opposes the load current flow. A reverse power flow takes 
place and the power inversion is obtained by feeding the AC 
system with the reverse power. Frpm the point of view of power 
tranamission, ̂ 6  rectifier conversion is followed by a trans­
mission of DC po$vc.c by transmission of DC current end generation 
of DC voltage by the inverter on receiving the transmitted 
current.

It is possible to derive from the lost statement that the DC 
tronsmiaeion takes place between two aystema, which behave ss 
current (rectifier) and voltage (inverter) generators respecti­
vely. Because the inverter is the receiving end of the DC 
transmission the inverter DC voltage has to be maintained lower





rectifier operation -*-----
Fig. 2.5 PC voltage control by changing control angle,

inverter operation



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

Definition of the Firing Angles c< and p , Overlap Angles 
M-fc i P y  and Extinction Angles 5 and ^

The positive crossing voltage of 0° and the negative crossing 
voltage of 180° have been conventionally agreed .as the angle 
references for the rectifier Snd the inverter firing angle 
respectively.

Rectification isf characterized, by the firing-angle (X (olfa) 
which is delayed.in respect of the angle reference (0°) 
while the firing angle (beta) advanced in respect of the 
angle reference 180° indicates inverter operation. (See 
Fig. 2.6a, 6b). '

The two firing angles are related by:

d  = 180° -jS 2,4.1

and both can be used to represent the rectification and the 
inversion.

In the rectifier operation, the valve commutation takes place 
at the angle (delta)

S is defined as the extinction delay angle for rectification, 
'petis the overlap angle which is dependent, on the AC reactance 
affecting the rate of current change during commutation. In 
the inverter operation the extinction angle is named ^(gamma) 
and je related to the advanced firing angle p  by 
(Fig. 2.6b) where Pyis the inverter overlap angle.

The two overlap angles p* and are increasing on the



_ ' !
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decreasing ofand^respectively, and also,dependent upon 
the increasing of po-defined es the overlap apgie forCf = 0 

1 or {]•' t̂ o deceases with the increase of tflsi' converter
■ internal voltage Udi*according to the relations . v .

. . , » /

" where Oxt and Dxvl( represent the trens former reactance and 
,vâ .ve re^^VAee voltage drops respectively. A rapid cal­
culation-.,;; (14( a n d c a n' ti e  obtained by plqttivg '(fig- 2.7) 
the relationship between cf, iio and |i* ( y, no', '|iy) for

• different dirticC currents. , The iselatio^ahip between the 
above functions are given by,;. ,/_b

„ cos (K +  ̂ et. ) = cos« + 093 no - 1 (rectification).,. 2.4.4 
'̂ cos + ny ) ="cosy*+.cos jib - 1 (inVersio- ) 2.4.$ :■

At small % extinct jon angles the overlap angle fij assumes ' 
very high values for any DC current. ̂  That may adversely 
affect the thyristor commutation and V  safety combination of 

and ̂  values must therefore be vioafen for any DC current . 
(commutation limit line Fig. 2.7) and a very small advance j$ 
angle. (Generally the smalleat y, which has a sufficient 
safety margin from the recovery-angle o f ,the thyristors-Ua 
chosen first end then from the plotted curves of Fig. 2.7 nj  
can be derived). The relationship between yend thyristor 
recovery-angle is given in Chapter 5, paragraph 1.4. '

No-load Voltage and the Output Direct Voltage at the Converters

The no-load voltage of a converter has been expressed by 
Udi s 6 1,35Ei **., It depends on the position of
the tranaformer tap-changer because the transformer ratio 
given for proper AC line-to-line input voltage to the converter

NOTE * Converter internal voltage is also defined as no- 
load voltage of the conversion (see peragraph 2.5) 

NOIE ** Ei is che amplitude of the line-to-lino voltage.
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is determined only by the tap-chang^c tapping. The no-load 
converter vcltage can be obtained by" the simple calculation 
of th8 equation -- !(

:
| Udi = 1,35 ^ 2.5.1 ^
/  . ■ 

when the AC primary1 voltage and the position of the |ap- ■- 
changer are known.  ̂ ^

The converter disect output voltage can be-derived from the 
no-load converter voltage by taking into consideration - - 
all the causes tff voltage drops which are affecting the final 
value of the converter output Voltage. ..A y

In both converter terminals, voltage drops are caused by valve 
resistance, firing angle #  for recty'ier add ^  extinction 
angle for the inverter, valve reactance', transformer resistance 
and finally transformer reaiifc&nce. The- output direct converter
voltage can thus generally'be expressecjjav— — ___ , ___

■ ■ ■ ■ • .  - -
Ud = Udi - <, (converter voltage drops) 2.5.2

(For the inverter it must be emphasised that the vs'lve resis­
tance and the transformer reactanp% drops are quantities to 

- be added to Udi because of the reverse power flow).'

Direct Voltage Drops due to andyLlft ^

The rectifier output direct voltage drop dyg to the firing 
delay angle o( is indicated in Fig. Z.Ssf'as area A.
From the same figure it can also be clearly seen that the drop 
in direct voltage Udo£ * ia increased by ttie .presence , of the 
overlap angle y. ot . Sy integration,/A is1 e:

• \ i-
* EtiTF; Ud* = Udi - Udi . cos #



[jJdi (1-cos <X ) + Udi/23 • (cos A  - cos 5  ) = A = Ud
' . 2 .6 .1

.. wlxsr;e_:the first term is the voltage drop due to the .delay - 
angle. (X end, the. second tern is the drop as.-the resylt of 
the overlap angle * From equation 2.6.1 end the geqpral
expression of the rectifier output direct voltage, described 
ip paragraph 2.5, a new expression for the rectifier direct 
voltage is derived,

Ud = % <*»&).

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

Ud = Udi.qosfK 

.1
The last expression show t.hd' dependence of the rectifier 
direct voltage on the firing delay (X -angle, x

The inverter output direct voltage can be similarly expressed
by

I k , . ' /  U 4 ' U a . o g . %

The DC, converter direct voltage variation as a function gffff 
is represented in Fig. 2.5 whereVXthe parameter is used to 
vary the DC voltage in the rectifier as well in the inverter 
angle dominion of conversion (Kimbark, 19?1b).

The Secondary Current Wave Forms and the Power Flow through 
a Converter

The transformer inductance permits the secondary currents 
(ig, i^, ic) to vary at e finite rate when a valve comfnutates 
from off to on state and vicBverse. Referring to Fig. 2.9

* Since b d-i' ii,*



M r  Jnofcnnco,. tho oocondory curront of n rcctifior otarto 
to flow at the instant that valve 3 starts to conduct.having 
been ignited with s delay angle '<X respect to the line to., line 
voltage eb . A t .the same instant valve 1 starts to commutate 
towards its off state and consequently the secondary current 
ig also decreases at a finite rate. Therefore if we considtr 
the equivalent circuit of the rectifier bridge (Filg. 2,9) 
during commutation., from 1 to 3 the balance bf inductive poten­
tials end the line to neutraf voltages eb and eft is given by

eb - eg = Lc dij / dt - Lc di^ / .dt"’'s 2.7.1

Since eb - eg 4 ebg (paragraph, 2.3) and i^ S|fib end moreover 
eba = ain wt  from thti theory of a three-phase transformer, 
the expression (2.7.1) can be re-written as? , :

•:> • '
3Em sin o)t =Lc (di^/dt - dig/ dt) = 2Lc dib / dt 2.7.2

I ■ ' '
because during the commutation current, voltage^aalanoe in the 
same circuit of Fag. 2.9 is given by \  j !

dia / dt = - difa / dt ' V  2.7.3

By definite integration from (X to angle cUt>, of the expression 
2.7.2, it is possible to c*tain the secondary current wave­
form ifa as

ib s(3Em / 2£VLc)(cobC< - cos»jt) 2.7.4

meanwhile during commutation the expression of iQ will be 

i Q = Id - ib s Id.(JFm / ZLc)(cosO(- cosWt) 2.7.5 •

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



i Q, i b ) i  io  composBd Of th re o  componenba ^ , , I 2 ,
(see Fig. 2.0b). end are given by equaLion (2.7.4)
and (2.7.5) ra^jectivaiy and is .oguol to the ioad current 
Id. The Fourier eneiy&is givco o fundamental component of 

. the secondary purrent (ia, ib , ic - ) equal to:

Iilo S Icl .(,1/7/tl') . Bin V /p  2.7.6

(ignoring the‘influence pf^fi^ ). .

The power flow through the CQd-tifLcr equipment will be thus: 

Psrd.C./i/tf ).Sir, ffVp.^ Udi.coscs *cos(-« + (ietil/Z .
i . ' - '
From the last expression we can derive ".the current fundamental 
secondary currents A '  . q , .

hlo~ici s in  t f / p  . LCOOOt +  .COS (X + P y  ) ] / 2  .
. .  : '

The povror component correction 'Tij '̂ or io dcfijidv^s:' ■

t o (1») p = [coeet + cos '(c(.+p.£l J3"V .2 ' , 2.7.9

It can be also demonstrated that the reactive power component 
factor is given by:

W (l«)r = 2P< + sin 2* - ain 2 t H*).
4 [cos K - cos (« + hf, Q 2.7.10
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■Fig,' 2.9 " Iquivelenfcc^rcuitof s converter during 
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itions of both factors i 
in Fig. 2.10. In the

functions of
anjb figure (£.10) the phase 

current is also shown.

Jhe varial

Visa of^he fundamental aeci
' ' y  ..

It can be demonstrated that cos ( y Isa) represents the pdw,er . 
factor .for a DC transmission (Calverley, 1954b).

In conclusion, the direct rectifier power flow takes place 
for values of between 0° and. sib0. The reactive power" re'achc 

1 the maximum, ot Of = 90° and ddcreases again for.OC values in­
creasing towards 180°, but activ&. pfiwer .is now flowing in re- 
vorso mode (inversion).. . ,

The relation betwoen the delay angle (X end tf)e phase displace­
ment shown in Fig. 2.11 confirms the conclusion reached'by 
examination of the curves describing the power transmission 
through a converter.

All functions characterising the rectifier and inverter ope­
rations are shown in fig. 2.12 and 2.13 respectively. A 
very significant feature used to distinguish between rectifi-





Fig . 2 , 1 1 . 'Relation .between ign.itiQn'delay and 
 ̂ phase diaf-Maoerhent. ; '
(V#**, 1971).



Fig. 2.12 Instantaneous currents end voltages of three-
pheae bridcie converter with r'= 15° end u.* s 15°. 
(Kimbark, 1971). ^





cation and inversion la the wave form < ' i.the voltage 
across the valves of a bridge working as inverter (Fig* 2.14a);

voltage

Fig. 2.14 Wave forma of voltage across a valve in:- 
- a), inverter and • b).i.Aectifieri 
1. inverse period; 2. blocking period;
3, conducting period. | c

-and rectifier^Fig. 2.14b) respectively). -

a w w R v

This chapter has reviewed the operating modes of high voltage • 
DC transmission systems find the basic theory of operation bf ; 
three-phase converters. The accepted methods of calculating 
the steady state performance of an HVDC transmission scheme 
have been briefly discussed as well os the. principles of DC 
power flow and the relationships between the main functions



regulating power transmission. The relationships used by 
the project grtiup td carry out the basic calculations of the 
rectifier and inverter parameters are baaed on the following 
inter-related design'data:

(a) Direct current Id.
(b) Output DC voltage UD, ;
(c) Control tingles p(,j& •' >
(d) Rectifier EMF Udi. ' •. „ 'i1 •
(e) AC system voltager.

For a good understanding of the following chapters* definitions 
of.the controlled and uncontrolled angles which originate1. • 
during the valve firing were given. In conclusion,-a comparative 
correlation between the rectifier and inverter operational 
functions has been explained.' n.
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CHAPTER J

CONTROL ASPECTS OF HVOC SYSTEMS

This chapter deals with the main features of the automatic control 
operating et Songo - Apollo converter system in relation to the 
fundamental principles yf .HVDC transmission. The physical struc­
ture of the most impot^aht-cireUitaXiegiqned to perform control 
operations in the converter^, functions op
determining system behaviour in diffetorii'^D^I^g.-stivb.tions 
(steady-state condition, transients and the occurr'en^':̂fr-pfireî i.<'-. 
lar failures and faults) ̂ ce explained with the aid of figures, 

oscillograms and specimen design calculations furnished by the '' 
planning and testing teams t^foi’e and during the commissioning of 
the Cahora Bassa - Apollo st-heme.

In addition, based on our direct experience, the causes of disturban­
ces and their effects on the performance af the control system, 

are studied in connection with some of the most significant cirpuit 
arrangements ot Apollo inverter station, (see Chapter 4).

3.1 Confctol Requirements of an HVDC System : . > ,

In the development of the automatic control systems for" HVDC 
conversion, the philosopy adopted1 is based generally on the 
following concepts;

3.1.1 Maintairtii;g"^h"e system current afi 6 steady^State? 
value through the combined rectifier and inWrter 
regulsting processes, and limiting the maximum., 
current to protect the current Carrying devices.

3.1.2 Varying the firing angle of the bridge Valves to „ , 
provide a fast, dynamic response to system changes.
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This also means that the fluctuation of current 
due to the alternating voltage fluctuation must be. 

, ; limited by the automatic control.

Accurately timing the firing pulses for 9t6ady 
state operation.

f Saving the ability to operate ..with weak and. unsta­
ble AC system.

3.1.5

7.1.6
i

, , In addition to meeting these basic requirements, 
converter automatic controls„have to cope with many 
other needs, such as the transient periods of line, 
energization, the switching on and Bf.f of the, . 
bridges and the occurrence of abnormal events and 
failures (Reeve et al., 1972).

Current and Voltage Control in HVDC Transmission

In dealing with general matters concerning rectification 
and inversion-on HVDC transmission schemes, it is standard

Maintaining the power factor as high as possible.. 
so t h L ' ■ ; "
~ the1 maximum power rating for each converter is 

obtained : { ' - " ' ■ » ,• '
- dangerous stresses on valves and damping circuits 

are reduced: . . - I .-.'
- voltage drops at the AC terminals of the converters 

due to load increases,’are limited'.

Computation of the optimum power to. b)i_ transmitted t 
.for given DC current and voltage ratings ab by ,.c 
power demand. .

3.1.3

3.1.4 S.



practice to represent converters as two separate units: 
the current generator (rectifier) and the voltage generator 
(inverter), connected by a common current transmission 
line. (Fig. 3.1).

line

inverter

Fig. 3.1 Schematic DC link Representation

Whe dealing with" automatic control, however, this method 
of representation is insufficient as it dpes not i-lijustate 
the fundamental concept upon which a HVDC system is based.

the .iinodes of transmission in a HVDC system are constant ■
voltiajje with adjustable current, or constant current1 with ./ 
adjustable voltage, where the adjustment is made under closed:^ 
control loop. The modes of transmission are represented 
schematically in Fig. 3.2. One block, "A", represents all /' 
the distributed cofjp-pl operations performed at the rectifiejt 
and at the inverter.with -objective of maintaining the y 
rated power transmission constant. From the same schematic, 
it is clear that the automatic control system has a.current 
and voltage reference frgm which it performs its control 
action for obtaining maximum power transfer within defined 
stability limits, and with guaranteed protection.
The theoretical converter control illustrated in Fig,, 3.2, 
becomes a practical reality in the -Sbngo - Apollo scheme, 
as shown in the Fig. 3.3 block diagram. The diagram shows 
the system, symmetrically disposed in both stations* If w@
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Fiy. 3-2 General automatic control block diagram of 
a DC transmission system.

consider the converter system in the steady-state work­
ing condition,, the transmission of current along the DC 
line is assured by the rectifier Id controller and by the 
inverterY extinction angle controllers. The Songo - 
Apollo HVDC link** can be considered a constant voltage 
system, which means that changes in power transmission are 
only obtained by current changes. A DC power transmission 
system however is normally operated at its maximum permitted

* Voltage Divider** HVDC fink means HVDC transmission system
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lorr} kmximm our rent) and the poly* posoible way to vary ' 
the potter.ttantimitted by a ’certain^emount in the steady 
state Citndition is by changing the line ̂ voltage with the 
convertei'-r^ansTovmer tap-fchpnget1..- Therefore ah HVDC 
power transmission system at its maximum load also behaves 
as a-cohstaylt current system and as such is protected 
against overload transients.-from these considerateons we 
rjdnclude that the rectifier current regulatoir permits a " 
r^pid energization of the DC line (from zero to the maximum 
power) with restrained"line conductor power losses, and at 
the same tii'ne prevents the growth of dangerous current peaks' 
by fixing o maximum current limit (Kimberk, 1971a).

The table, in fig. 3.4 gives the values of line voltage 
-cur-scnt.--8nd.Vpcwer-.messijsed^et^tfce^.Apollo.-invertaE=.^tat 
when only oi|e converter'group is in operation (monopolara 
"tnbdo) and,, also in cose df B converter groups in operation 
(bipolar.mode). The figures on the table indicate that 
the DC line energization actuated by % e  gradual incre- , 
asing of the current, which leads to a DC goiter inc'reaii,r r<;^
The increase of DC transmitted powe;r ends when the currently., 
reaches the maximum permissible limit (Rill load 1 SCO .A)''.

The rectifier current regulator cSntrola the current by 
changing the delay firing angle p( (see Chapter 2) ond con- , 
sequently the .output rectifier voltage which is proporU 
tional to the function COS#. The proportional factor is 1 
the rectifier internal no-load voltage (see Chapter 2), 
regulated by the transformer tap-changers. In steady | ■ 
state (full load) power transmission, the delay angle. tX ^ 
assumes a value of between 19° and-13° for,e fixed position 
of transformer tap-changers. n y

The tap-changers are d<r •..? tease the rectifier
voltage in case of #  > 1i . igrease the rectifier



KV(DC) MW (AC)KA(DC)KV(DC)(AC)

I K

am

Fig.

.to a 133,3

One Pole DC Voibnge



voltage in coso o T # <  13°, so that tiill be held bet­
ween 13° and IS!) during, steady working conditions. More­
over, the to,̂ le of Fig. ).4 indicotoe thot the line voltage 
measured;at'''tho Apollo inverter decreases slightly as the 
current is increasing- This is due to the rectifier out­
put voltage drppping when current increases-v Since the 
relationship between the lino Current and voltages at the 
DC torrainals in the steady-sttite is given^the^Ohm16 law

■" 7 'TH - Ud1 - Ud2 v , II
L cl " c2 - 

(where Udl and Ud2 are the internal voltagea of Rectifier 
and'inverter roopcctively; tho line rc8is|-nneeRci and 
Rc2 the commutating rectifiGr' snfjwinverter resistance respec- 
•tiveiy)-)”uB obtain- a'-=tcur^enfc'-as^aegr;-fynGMsn' Olt Lld4 - Ud2, 
the rectifier voltage drop For"'" )nt-increase has to
be compensated by a correspond|»^^..^^6r^Voitage,1drop.

- - ' T  -The transmitted line current ieoe\fo>'uated by the inverter 
tap-chonger control system vihiejji operates to correct the 
inverter voJtage so as to eiWure the aforementioned system 
o 'iî ht - voli -ge linearity. The, inverter voltage decrease 
; •jatrained In e narrow range on the increasing of current 
frtwi.the minimum to the (naximui^iiniit. The aforementioned 
deviation of the inverter voltage From the rated value, 
which is dependant upon the nuiifoer̂ of converter groups in 
operation, repreaenta one p y ;iBuiar feature of current 
control performed by the inV’ :W  tap-changer control.
The invertet control system :ijpg '̂ ss the task of maintaining 
the DC lino voltage conetan' any value of current.
This operation ia accompli^' ;>v iwo voltage control systems; 
the minimum yextinction a'l-vie r^ulator (see Chapter 4) 
which by regulating the exi^ -1 ipn angle • ^  ■ Jidda the 
Factor cos ̂  constant and .!* luverter tranoformer tap-



changer control which in order to hold the inverter no- 
load voltagi Udi constant (see Chapter 2.3) causes the 
change of transformer tap position on the variation of 
the network voltage and of the transmitted DC current.

As seen in Chapter 2 the DC voltage pf an inverter bridge 
is given by

Ud .s Udi. cos^ >s

Ud is thus maintained constant by the action of both' the 
aforementioned control systems.

Converter Characteristics and 
transmission Working Points

From what has been said in the previous chapter, a HVDC 
link operates at definite values of current and voltage 
under the combined action of the rectifier and inverter 
automatic controls. The working conditions of an HVDC 
system may therefore be described by curves, which are ob­
tainable from the crossings Of the rectifier and inverter 
control characteristics (Fig. 3.5a, 3.5b). In Fig. 3.6, 
these characteristics are combined. Their crossing point 
A represent^ the actual working point ..of,, an HVDC transmission 
scheme. The crossing point A can be shifted horizontally 
by the rectifier current regulator (constant voltage) with­
in the permissible current range, or shifted vertically in 
a limited fashion (constant current) by the inverter trans­
former tap-changer.

In the prevailing working condition, the almost horizontal 
lines (X = o and ^  5 0 represent the highest voltages
that can be supplied to the DC line by the rectifier and 
the inverter respectively.

Determination of DC
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. Normally the maximum rectifier voltage corresponds to a 
Fixed sfiring delay ingle (.£X = 16° in Songo), but as mri~ 
tioned .previouslyj e variation margin of is provided . 
ih order tp vary the maximum rectifier voltage as fast as 
possible (OC min a 13°, e<max = 19°) (see paragraph 3.2).

The maximum voltage supplied by the rectifier cah he.rapi­
dly varied by holding.constant the current transmission 
as far as possible, expecially when sudden inverter voltage 
changes of limited amount are taking plage. . In other words 
as can be Seen in fig; 3.6, the voltage difference between ■ 
the rectifier and inverter, represented by the segment BAr 
is kept constant only by the fast action of the current 
-controller, if the inverter voltage, changes do not 'exceed 
a percentage of-the rated Value, approximately equal to . , 
voltage variation represented by a tap-changer step. At 
Songo and Apollo a tap-changer st6p represents a i .5353 
variation of rated AC voltage Value."

If the network voltage variation at the inverter exceeds 
the aforementioned voltage percentage, the action of the 
rectifier current -controller precedes the slow performance 
of the tap changer control, (see paragraph 3.6) which in 
that case causes the fcap-changers fco run towards one of two 
extreme positions (steps 1 'and 27 respectively), until the 
voltage balance required to keep the nominal line current 
steady, is again re-established (sep paragraphs 3.4, 3.5).

Also during line re-energizetion, the fast action of the 
rectifier current controller in changing p( in proximity 
of nominal value Dio aids the DC system to rapidly reach 
the full load condition (Uhlmann, 1975a)

The DC inverter voltage, as illustrated in Fig, 3.5b is 
held constant at its maximum value For any current trans-
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mittct! by the rectifier current controller.

The inverter voltage is 'held constant by the constant ^ 
automatic controllers with the aid of the inverter trans­
former tap-changers. "

The constant ^  regulator is a real-time processor (see 
Chapter 4), which^dtirnputesvthe firingrilngle of each in­
verter' bridge valve by regulating V  extinction angle at a 
fixed value (10° an Apollo}. The firing angle is, syn­
chronized With the alternating line to line voltage, 
detected at the network side by means of measurement trans­
formers (VTo) in order to obtain pure sinusoidal voltages 
in the synchronizing cipcuitg of the firing., controller . 
Fig. 3.7 illustrates ttie transformer line to line voltage 
replica and the advanced firing angle as they appear on the 
oscilloscope. - - % : ’

f i t

Fig. 3.7 Line to lihe Voltage synchronized with 
firing pulses. ,

Since ̂  can be regarded as a time in agreement with the 
•̂ = <#> t, it is possible to aoy that the real-time pro­
cessor of on inverter bridge determines the optimum time 
for firing the valves before the commutating voltage across■> 
the valves reverses. In performing this important task;(l. 
the ̂  regulator must

(it) constantly analyse the commutating Voltage peaks, 
the commutation inch/rl'rtncc l.c, the value of the 
actual DC current;

%  . - I ' / .



, (b) measure the actual ^ oF the outgoing valve ..and 
memorise it after euch valve firing;

(c) < select the minimum of the 6 memorised Y  values at
the end of ony firing cycle (see paragraph 4^3.1);

(d) ' compare the selected ^  with the ..reference, value ̂ rv'
A corrective actions on the valve firing .times of
the next firing cycle are carried put only at the1* 
end of these operations;

. ; The relation

cos Y  n = oosuit + 2XcId / 3£m
(Kimbark, 1971b) " , *

'
correlates all the quantities involved 9 -■ V ‘̂ f t i m e  pro--'-
ccsairtg.of a ^ regulator. ;t can be bL ji' ‘ = ■

Gasuit + 2XcId / 3Em = const -

since is held constant by the outomatic regulator.

Considering ZXcId / 3ETm constant in time, the firing time 
of the valve is computed as a function of the choosen '

Furthermore from

Ud = Udi cos - Rcld* . . ’

which gives the relationship between the line DC voltage Ud
and the ^  n extinction angle. Ud appears to be almost
constant if cos and Udi ore hold constant.

* The above relation has been given approximately in /; 
Chapter 2, without considering the c.c.d. due to the'nega'- 
Uv o  oijiiivalorst commutation resistance Rc of the inverter^



Voltage Drop at Rectifier Station - Current Control by 
the Inverter Rco.l-Timo Processor

The almost vertical segment FO of the Inverter characteristic 
in Fig. 3.6 repreoents the control action, performed by the 
inverter automatic cont?pl oij the system current. In the.,. 
normal working condition {ateody-stafce) the automatic Control 
at inverter side is essentially directed to keep the inverter 
output voltage at the rated valtie Regulating the y  extinct­
ion angles for each bridge. When the' syStem current drops 
105 of the rated value, the ̂  extinction controllers are 
taken out of-inverbqc voltage control and dre replaced by 
the inverter current controller'Vsee paragraph 3.9.2) which,, 
in the same manner as the rectifier Id controller, exerts / 
a Common control action'on air'inyerfcers -.of. a pole. .. Such " 
action cofisists of a fast increaseof the,advance firing, anyle 
P in order to decrease the pqle voltage as soon as possible, 
thereby avoiding the collapse of thi current.flow.

DC line curCtint drop is due mostly to a rectifier voltage 
drop; that is, a collapse of rootifier.. voltage under the 
inverter voltage maximum levgl. * . ?>

In Fig. 3.6 the control of aysbepvcurr'ent'tLs taken by the 
inverter Id controller> Fig. 3.6..also shows the? new rec­
tifier voltage C ’A ’ after having dropped from the . 
primary level (segment C G ) obtained this time by the 
crossing of the inverter current control and the rectifier 
voltage control characteristics respectively. It is clear 
that the inverter Id controller taking over the current 
control prevents tho siidden collapse of power transmission, 
which however decroooes proportionally to the voltage drop, 
with the current kept almonl; constant. Also the rectifier 
automatic control reacto to the rectifier voltage drop by

* Note: The invertor voltage Maximum level is that at
tho minimum ponoible current transmission.



rapidly increasing the voltage at the rectifier output.
The Id.controller can only increase the 'rectifier voltage 
up to a certain amount, and the task of increasing it 
further is performed by the rectifier tap-changer control. ,

In conclusion, the combined performance of t|,e aforementioned 
control systems causes a new lower voltage balance between 
the rectifier and inverter groups, but.the continJlfcy of 
the rated current transmission is maintained. * ... .

With the help of the' oscillograms of Fig.3 .8' recordetkat 
Apollo inverter station, we can see the inverted voltages " -
(oscillogram 1>5?5;7e) and the line voltage (oscillogram d ) 
decreased by the action of the inverter Id controller, " 
resulting from a sudden, voltage "drop at ''rectDIeF siBe^Sue ;
to a bridge loss. The outage ot the rectifier represents ;
a 25% loss of the total .rated' pole voltage at^the rectifier . 1' 
side with k converter groups in operatidf) (d M  pole); and ; 
to keep the original voltage balance between the two line 
ends, the line voltage at the inverter side should also be 
decreased by the same amount. This means that the output . 
voltage of each of the 4 inverter bridges has to be da- - 
creased by 25% to get a total line' voltage drop at the in­
verter end counterbslahBimg the voltage drop at the rec­
tifier side. Taking into account that,, the action of the 
rectifier current controller can raise the pole voltage 
with the remaining three bridges in operetiocva 50% of the 
voltage drop by shifting the firing angle 0( to its per­
missible minimum (9°) , e decrease of about only 10% on the 
voltage of each inverter bridge, will lead to satisfactory ; 
voltage balance between the inverter arid rectifier station >•' 
ao as to guarantee the flowing of current, though reduced 
by the seme percentage. <
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In the oscillograms oF Fig. 3.8 ^ tho time interval is
related to tho performance of the inverter Id controller.
Due to a bigger Firing a,nglo thore is o substantial inc­
rease of tho bridge voltage ripple (oscillograms e), sfld 
the lower power transmission Factor and electrical stresses 
on the inverter valves moke such o feature of the automatic 
control objectionable for a ..continuous power transmission.
If,, therefore the duration of^jshe rectifier voltage drop 
itt thought to be dangerauily longer than an established 
time (10 s in Apollo^.^a to a roctifior bridge outage, 
then an intertrip function issued vio the PIC * system 6y 
the rectifier- monitoring, equipment will cause a bridge 
outage (instsrit t, fl) Fig. 3.J3) at the inverter side and the 
automatic controls both stations will very soon resume 
their normal type n/ operations ab^iq'wer_ line, voltage__ 
level (oscillograi^ d in Fig. 3.8 1. It is important to 
note that, from thei hl#-ai;t.o said," in the steady-state 
tho rectifier and inveStgZ control systems operate, indepen­
dently. This occurrence„pf an abnormal situation such as 
the rectifier voltage drop unifies and combines their control 
action to maintain as far as possible transmission of power. 
The rectifier and the inverter automatic control are linked

" ..

(a) the current command or j:h@ reference current signal 
transmitted to the inverter automatic control by 
the rectifier measuring equipment
(see paragraph 3.9 )

(b) the reference voltage signal transmitted by the 
inverted measuring equipment to the rectifier 
control (Kimbsrk, 1971c).

Voltage Drops nt the Inverter Station

* Power line carrier



In the cast- roduceo inverber output voltage due to a 
rkiDp of alcerntti4ng voltage or because of a fault in the , 
firing control of acattt bridged, the inverter characteristic 
(Fig. 3.6) ia shifted downward. The current remains at 
the same level, but the power ia reduced proportionally to 
the inverter voltage reduction. In fact, in consequence 
of the inverter; voltage drop, the system current tends to 
incases®; but it is prevented from doing so by the currant 
controller at rectifier gida, which causes the'Sfectifier 
oufcpp.b voltage to decrease, .by igniting the bridge- valves - 
with a bigger filing delay angle (X • The automatic control 
of the inserter can rapidly recover the drop in voltage if 
such a drop, does not exceed 2% of the rated inverter voltage 
value. Theoretically the extinction srig^e controller (sde 
Chapter 4, paragraph 3.2) eiiuld restore "a- 685"of-the voltage-—  
rated value, if the aforementioned y  controllers were free 
to fire the valves with a smaller advanced firing angle on 
the occurrence of inverter voltage drop. But e solution of 
such.a nature leads to dangerously decrease the ̂  angle, 
which must be maintained at such a value (IB0 at Apollo) 
os to guarantee a safety gap in respect of. the minimum 
angle (9° for thyristor valves) at which the inverter 
operations might be jeopadized by commutation failures 
(see Chapter 5). If the amount, of the voltage drop is . 
bigger than 1,238 of the inverter voltage rated value, the 
inverter tap-changer control will operate after a certain 
delay end voltages for an extent (27 -No) i',235. of the rated 
value may be restored. No represents 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 inverter tranaformers. Also at the rectifier side,
t'w tsp-changers will run towards such a position to 
guarantee a constant flowing current as soon as the delay 
angle # reaches 19“ (see paragraph 3.2).



In case uP the loss of onu invoi'Lor bridge or more, the 
omounl of voltage drop is rolovent and cannot be always 
recovered by the automatic Firing and top-changer control. 
Moreover conditions in which kho rectifier volvss ere fired 
with very big delay angle ora to be ovoidod duo to riae of 
dongerouQ harmonics in the AC rectifier network (stresses 
on fcha AC filters) snd ttloo in tho DC line aide (stresses 
on th^ DC filters), and duo to the possibility of discont­
inuity in current trBnomisoion. So that a new lower vol­
tage baXnncs between the two stations has again to be con- ^ 
sidered; as usual an inter trip signal (carrier transmission) 
or a manual trip of an equal number of bridgfcW at rectifier 
oido will restore a lower voltugc holonce. 'Fig. 3.9 shows, 
the line voltage drop (oscillogram d) due to ,Jan inverter 
bridge loss end the temporary increase of the system current^ 
(oscillogram b) inwedintely rootroi/iod by the rectifier 
current controller (oscillogram e).

Tap-changer Control ok the ftectifior and Inverter Stations

Paragraph 3.2 states that at the rectifier sido, the top- 
changer control has the task ef maintaining in the steady- 
state the firing delay angle o( within a•limited range, and 
that because a change of the delay angle implies o change 
of the rectifier DC output voltage and consequently s 
variation of the DC tronnmisoion (see pnrogrnph 3.7,2) 
capacity although the power demand setting is uncharged.
Fig. 3.10u shows the control of the tap-ohenger ofc Songo 
substation for one converter group in operation und Tor'tho 
maximum direct ourront transmission (Id = 1 000 A), with 
variations of the AC system voltage not exceeding 10& of 
the nominal value ( 220 kV). Kor ixomple, the steady 
working condition with AC voltogo at its nominal value , 
(220kV), the firing anqle 0( = 16° finci the tap-chonger in 
position 17, s 5% drop f the AC voltage from the nominal
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value represented by point B in Fig. 10a causes the fcap- 
changer control to shift the taps to position 20 in order 
to restore the deviation of the Firing delay angle within 
the range permitted {13° - 19e) in the steady-state condition 
{point C). It must be noted that the same graph of Fig. 10a 
shows that to.keep the DC output voltage constant in the 
steady-state, the tap-changer control shifts the position 
of taps to vary the no-load voltage Udi within a certain 
range. When the drop in AC voltage excels IDS of the 
nominal value a bigger firing delay angle.has to-be set by 
the rectifier Control depending on the decrepied capacity 
of the generators.

It is clear that the DC output voltage would be decreased 
and the DC transmission reduced..' ’

The tap-changer control steps the taps towards the position 
which makes the DC’output voltage capable of transmitting 1 
the maximum possible current at a lower level, of generation.. 
(No-load voltage (see Chapter 2) adjustment by tap-changer 
control). " - ?

The inverter tap-changer helps the -real-time processor ■
( ^extinction angle controllers) to maintain the DC 
voltage constant for any current transmitted by the 
rectifier station. Fig. 10b shows graphically that the 
inverter tep-changer controller moves the taps upwards or 
downwards to keep the DC inverter voltages at a fixed value 
for any transmitted current (voltage regulation by inverter 
tap-changer control).

When the inverter Id.controllar takes over on the firing 
control of the bridge valves, the inverter tap-changer ! 
steps down the taps for lowering the firing angle j) and 
consequently the Y extinction angle. This operation is



.nccessary to keep- the power factor (coo y  ), within accep- 
tnbJc limits. ( y  extinction onglc decreased by the in- 
vcc-.vr Up-clmngor control).

3,6,1 Top-dhanger.Controller .

Tig. 3.,j1 is a. block Dchnmotic dingrnm of the trans-
,for%r tsp controller in'use at Songo.and Apollo, 
totoiatized' vol tages

Positive and negative 
■ level threshold.

7a£ stepping CMP's

Tap position

M L

Lower and upper . 
tap commands ' v

Memory
position

Fig. 3.11 Tap Controller block diagram.

The polo voltage la given « nominal value to make 
the Ltip-changer contrul oyotcm indeoendent of the 
number' of the switchod-on bridges or from the. pole 
voltnge. The logic aoloctor provides the inter­
lock of the two operating mudcs described in



paragraph 'i.S for bolh torminala.

The positive and negstivB threshold circuit has two 
ouhputas.one for lowering ond the other For raising 
the tep-chonger pooition. The threshold circuit 
is adjusted to give an output for an AC voltage 
variation of about 1.23%. The adjustment is made 
in such a way aa to avoid oscillations or the tsp- 
changer from J position to the adjacerit one. In 
other words, the threshold roust output its command 
when a certain dead bond-is overridden. The dead 
band hgs been established as being between 1,5 to 
2 top steps (Zamco TS£, 1971).

Power Control —  .. ... _

3,7.1 General ’•

The flowing of power from the AC generators to the 
DC system through |,fi6 converter bridges' {rectifiers') 
is regulated by sophisticated electronic' devices, 
which have the main task of maintaining the conti­
nuity of power transmission in the steady-state 
and also during power changing conditions. An /l 
electronic system designed to control the ppwer 
Flow must therefore be capable of

(a) maintaining the AC frequency of the busbar at 
the generation plant within the restrained 
band (in Songo substation 49,7 - 50,3 Hz) and 
reasonably limited (in Songo 57 Hz) when load 
is rejected by HVOC transmission;

(b) changing the ra':e of AC and DC power aa much
as possible oy a direct control of the generator



outputs and the DC.load transmission 
respectively.

(c) maintaining transmission reliability and 
availability capacity

(d) and finally co-ordinating the operations 
needed for power transmission between the 
power station and DC links.

The foregoing are fundamental requirements to-ensure 
the total AC generated power conversion into D'C 
power and its transmission to the inverter and, 
under my. workindLcgnditim .(XimbAik,: IVT’l d ) ^  ^

Some of the aforementioned requirements, however 
are not always satisfactorily achieved1 during yery 
fast transit -ts epd- in the event, .of load rejection 
by the DC transmission. This is mainly because 
the power controller is limited on the performance 
of particular tasks (as for.instance rapid and - * 
adequate rate of power changes at.the generator out- 
puts in relation to the speed-of change of DC power) 
by several factors related to the type and duration 
of the disturbance and' to very different time cons- • . 
tanta of the systems under control (see Chapter 5, 
paragraph 5 ). Consequently 'during load rejections' 
there is the possibility of the occurrence of AC 
frequency changes making the tripping of the AC 
filters unavoidable. Furthermore, the tripping 
of some generators is to be expected when the uny 
bounded increase of Kinetic energy raises the fre­
quency enormously and puts the generators under stress.

Master Power Controller at the Rectifier Substation



The System for the control of power flow at Sango 
substation is named Master Power Controller (MPC) 
and can bp sohematicolly i'.eprQBonted by the block 
diagram of Fig, 3.12.- Two-main functions are gene­
rated by the MPC to control the power flows the 

command (P01 and P02) bo the controllable generators 
(the controllable generators are those allocated to 
b particular ..DC pole, and receive n power order 
directly from the MPC) gqd the other. (PN1. and PN2) 
to the DC pole control. Both are. derived by the 
actual power'transmitted signal (PCI and PC2) at 
1 the optputv»f the power demahd distribution module 
a s' result of the actual, power demand setting and . 
the actual DC pole power capacity calculation.

(a) Power Capacity of a DC Pole

, ’ The determination ,of power" capacity or thg
maximum possible power of the DC po'ls, is 
calculated by multiplying the selected minimum 
of tu'e following functions:

(i) Maximum possible load = 0
(ii) Idjrof (Current control see paragraph 3.8) 

set value derived by the power order 
(NPt and NP2) to the DC control

(iii) Idref = 0 from the various protection 
oircuite

(iv) Idref s Idn, the nominal maximum direct 
current (1 800 A) used to determine the 
"max possible power"

with the pole voltage (see Chapter 2 paragraph ; 5
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(b) Frequency Control In Steady Condition

The measured AC frequency on the busbars is 
Ibd to two MfC modules which ore controlling 
the system frequency by varying the power order 
(PN1 and PN2) to the DC load, and by modulating 
the power order (P01 end P.02) to each individu­
al generator respectively. The module used 
to control the frequency through the power 
order to the DC lood, operates when the fre­
quency exceeds a certain limit ( i  0,2 Hz) by 
altering the DC transmission rapidly.

When the stepping up or down of the power causes 
large variations in frequoncy.. its control- is ' 
performed by toth modules. Since the power 
delivered by the generators ;pan be,changed 
slowly, the rote of change of the power order 
to the DC transmission must be properly adjusted, 
tu got u smooth .jnci'etiae uc decrease of power 
transmission (Calvejley, 1972).

Control of Frequency on DC Load Rejection

In the event of DC load rejection (50% rejection 
for a persistent fault on one line, or 100% rejec­
tion for a persistent fault on both lines) one or 
more control frequency modules will intervene and 
compute the surplus generator, capacity due to the 
loss of a pole or two poles * and will trip suffi­
cient generators to retain the frequency rise to 
approximately 57 Hz (sea Chapter 5, 50% load rejec­
tion at Songo due to n lino fault).



Current Reference and Actual Current

The reference current is a function originated in the 
rectifier automatic control by dividing the power order to 
the DC transmission with the actual pole Voltage (see block 
diagram Fig. 3,13).

•The reference current ^represents the current which,at any in­
stant is to be transmitted, for satisfying the two require­
ments of.-c-total power demand * and the maximum possible power. 
Ths actufll system current is the transmitted,current which 
follows the variation of the reference current through the 
feedback process of the rectifier’ current controller’, whose • 
output gives the error functions used to create the firing 
conditions for the valves. ' .

The reference current is transmitted via the Power Line Carrier 
to the inverter automatic control, which in turn memorises 
and ust-d it to control the flowing of current when a consis­
tent rectifier voltage drop occurs (see paragraph 3.4).
But in order to obtain separate actions for the rectifier 
and for the inverter current controller in regulating the 
aystem current, the reference current received by th6 
inverter automatic control is decreased by a c. «-tain.Al(j.
In the dasaical DC characteristic of Fig. 3.6, such a. 
current margin is represented by the segment DE on the 
horizontal axis. We can conclude that the inverter current 
controller is activated when the system current drops to a 
value ld - A  !(]• Aa we said in the foregoing, the rated 
value of current transmitted from Bongo, being around 
1 800 A, a current decrease Aid 'eclua* *:D 10% (1B0A) of 
the rated value will activate the Apollo current controller.

3.8.1 Current Reference Limits and Permissible Rate 
of Change

* The total power demand is the power required by the 
inverter end, limited by the maximum possible power 
available.
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it is very important to ensure that the reference 
current function does not exceed a i,.aximum (upper 
current limit) because of the possibility of thermal 
damage to the valves or to the line, whdn line 
faults ooour, by the actual current. (In the 
Songo - Apollo scheme, the upper current limit is 
1,25 times the rated current 1 600 A).

Moreover a minimum current limit is also determined 
by an electronic device operating before the refe­
rence current input of the rectifier current 

' controller. As illustrated in Fig. 3,14, such a 
device has a transfer function that is linear from 
a fixed minimum value of current (360 A in .Sonyo)., 
and varies with a maximum permissible rate of change, 
Such characteristic does not allow the raisirig of 

' intermittent current, expeclslly when the rectifier 
valves are fired with the biggest delay angle (low 
current). The limitation of the positive rate of 
change of current is to be considered in relation 
to the prdtection of various parts of the plsnt, 
and for this reason the positive rate of change is 
controlled by the value of the main voltage (three- 
phase supply network). '

Fig. 3.15 illustrates t 
limiting the rate of cf 
When a sudden positive c 
current doi* occurs at c

lecofid stage of thi 
s' of the reference 

i of the referent 
rdain instant fc0 , 
j input Do is 

after e delay time t; - tQ, and a very short delay 
time is foreseen in case of a sudden negative chani 
of the reference current (instant tj).

tloi is the voltage representing the Idref 
function.

rM

■
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Sotting t^e Voltnrjo U(

U.uU. nnd U. < 0 = »for U. s< Joi =

Fig. 3.14 Non linear operating characteriatics of 
the device to influence the reference 
input of the current control circuit 
(Songo)
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3.8.2 Reauction.- of the Current Limits

In order to protect the several parts and equip- 
Rient of the'plant, which might be seriously damaged 

the occurrence of failures, the DC current may 
be reduced by means of protective and monitoring 
devices.

Vhe following Table gives a schematic description 
of the lower limits of the DC current, when particu 
lar disturbances occur*

(a) Current liulxt reduced to 0,3 X1 IdN due to:

(i) Commutation failure of the inverter 
[see Chapter 5)

^i) Vpltege dependent current reduction 
from the inverter station, (see 
Chapter -5>.

(fa) Current limit reduced to 0,4 X IdN due to•

(i) 50 Hz in the pole voltage detected by
the rectifier state protection device

(ii) Voltage dependent current reduction from 
the rectifier station protection

(c) Current limit reduced to 0 X IdN due to

(i) Manuel commands from the control rooms 
Df both stations

(ii) Pole differential protection (see

a "  :  "  \ . »



Chapter 5).

(iii) Firing monitoring (see Chapter 5)
' from the inverter station

- (iv) F s 68 Hz (599 kVA). The frequency
of the power supply system (first-grade)

1 is less than, or equal to,668 Hz.

(v)- Undervoltage in 3-phase system 
U K  0,5 ULN (from Songo)

(vi) A drop in the pole voltdge for t> 1 sec,
caused by the commutwMii: failure of one
converter bridgejsn.?> maiisjured by the . 
voltage-dependent 'curl-^d^li^it reduction 
detector at the rectifier station. - •
(Ud < 0,5 ULN,t > 1 seo) : ' “

(vii) A fault on the Dt line, Sensed by the t 
line protection detector at the rectifier, | 
station, which provides also the restart
of power transmission after a delay from 
the fault occurrence (see Chapter 5, 
paragraph 2.8) \ 1 <'

The 0,3 X IdN end the 0 X IdN-command signals , 
originated in the inverter station are.transmitted 
via the telecommunication system to the minimum • 
reference current selector, which selects the 
reference current for the input of the rectifier J
Id controller (see block diagram of Fig, 3.13)

Current Controller

3.9.1 Current and Voltage Controllers at Rectifier Station



The signal current i-orctcnco originuted by dividing 
khc powov roToi'cnco ('ran tlto MPC by Lhc pole vol­
tage is on input of the rectifier current regulator. 
The other input is the? function to be regulated, 
that is, the octuol oyst'em current (paragraph 3.8).
The current controller line been designed with the 
aim of having a "continuous safety control"',' and 

1 two current regulators therefore are used in parallel. 
A selective circuit chooses the minimum between the 
two rcgirlnfcor outputs, and only the one with the 
smallest output regulates the current. More 
precisely the selective circuif’selects among three 
signals - the output of the rectifier voltage control­
ler is also selected for the control of rectifier 
valve firing"as'sobn as the direct output voltage 
Ud exceeds e prefixed limit.

•It can be said that the voltaqo controller represents 
a protective circuit egeinSt. the overvoltages which 
may occur when the delny onfjle reaches values 
beyond the minimum allowed (99 ab Sorigo);; 1 It is 
necessary to emphasise that the delay angle .is 
blocked ftiwi goihQ beyond its minimum' by^means of 
limiting protentiotneters at the outputs |if the
■ current controlJorb nnd h &o nt doch bri<!lge voliugo 
control output (see block diagram of fig1. -
thct, however, does not elimihute the poissitbility 
of the shifting of the firing below the mlWntuiii 
because of disturbances or feilurs of cimtit 
components.

Paragraph 3.2 states that at the maximum load, the 
firing englo can nocuim a value of 13° to 191’.
This correopondo tci o curront regulator output which 
independent of the operating bridge number ensures 
the maximum pormirniblc power transmission (maximum 
current). H  Ju pooiiiblo Lhnl. !i tiutidcin



temporary drop of the rectifier output voltage 
would cnuae the load current to decrease (more than 
10*). The curvont regulator then forces the delay 
■angle towards its minimum (9°) iri attempt to recover 
the voltage loss. In this ease:the rectifier 
‘current regulator acta no it direct voltage control­
ler and obviously the control of current is taken 
by the inverter current controller (see paragraph 
S.F.SU. It is clear that in this winner the djirect ■ 
voltage ot the output of rectifier will be kept' 
constant by the rectifier current dontol'ler until 
the direct voltage is restored (paragraph 3.4 ).

from block diogroih fig. 3.16 the rectifier current 
"■'contrSlTbr d u t ^ t ^ f  thd^efror Tunbtion"%s— - - -

■ - t -  -

where Ir represents the reference current, apd 1B. is 
the actual value tlf the DC current. .

The transfer function of the current controller is i' 
made non-linear (Fig. 3.1?), to get differcnt responsd' 
for errors failing within different ranges. ; The /  
reason for that is to provide stability of the (3C, 
transmission during steady conditions (lowest,-.error 
volue) and to increase the flexibility of the 
eontrpr during the transient (f)igheat error vnjM> . ■' ■■ 
Because however, of the non-linear effect bn |h6 r-
delay angle p( , which depends on the current v. i ,, 
controller output error, a corrective circuit

componootes properly the error function in order 
to got b linear M  and consequently u linear control 
of direct, output voltngo ( = cbriot..)

X L
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3.9,2 Current Conlrollar eb Invortor Station

Tho invort.cr ebotion current oonbroller doos not 
diFfer □tibolantlolly From the one ab the rectifier 
station

Tho error Function ia given this time by

E = Ip- Al], - I(j

The rofafoncQ value is noiy If- A l r for the reasons 
described in porograph 3.U.

When tho error ie negative, bho conbrol For the 
Firing of the valves is per Formed by the ̂  ex- 
tincblnn conbrollor (Choptor ti). When the error 
bccmnoo positive Lhe inverter current control takes 
over the conbrol of .firing a n g l e f o r  roducing1 
the direct output voltage (.curi'unt control by the 
inverfcqr). . (

Firing Pulse Spncing Control

Providing the firing oF valves at tho some time interval 
(3,3ina correaponding to 60^) is b vory imporbanb taak, 
which has to bo carried out by the automatic control efc che 
rectificr ns well ne at invertor obation. Tho prceerice 
uF hormonice in tho commutation voltages causes the 6 valves, 
oF a bridge to bo ignited at diFFerenb intervals of time.
This generates tibnormal or uncharacteristic harmonic^ that 
must be suppreascd or Uocroaaed, .

firstly to avoid djuburbtiiicou nod IntBrferences on the 
telophono 1.1 non, ijikI
aacandly in order to diminish tho risk of instability, 
which might affect tho entire ayotcm wlien the uncharacteristic 
hnrmonicn .inkoracb with tho chnrocteriatic ones, 
ovginoted by tho convortora during the valve commutations.
* They ere originated when the ignition times of valves 

ere alternetley late end early.



Different methods to implement the accuracy of firing 
intervals have been developed, mainly based on the individu­
al phase and equidistant control principles. The use of 
digital circuits along the entire firing control chain has 
also been, suggested. This would also improve the stability 
of the firing pulses in respect to drifting effects. In 
the Songo rectifier station .and in the Apollo inverter station 
the firing pulse spacing is ruled by several technical 
expedients that contribute to maintain the variation of 
pulse intervals to within acceptable tolerances (0,1°).

Probable narmbnica on the synchronouoa voltages are removed 
by the use of active filters at receiving ends of signal 
repeater transformers and at steady working condition, 
very highly stabilized JOO Hz generators provide accurately 
spaced pulses to the input of ring counter digital circuits.

unavoidable distortions which affect the firing pulses 
during their journey towards -the valves (pr'esenoe of non­
linear components and apparatus ouch as pulse transformers 
and fibre optic transmitters ahd receivers) are suppressed1 
by rebuilding and re-spacing .the distorted pulses. These 
operations are performed by digital processors (command 
units) located close to the valve firing gate amplifiers. 
(Uhlmann, 1975b).



SUMMARY

Chapter 3 stresses the importance ol' a control device for the 
supervision of a DC transmission link, not only to ensure-stable ‘ r
transmission of the DC power, but also to • cope with' iinpredicable 
events such as power fluctuations. The control device is 
necessary because information on these events is not available- 

. from the AC network to-initiate control actions on the DC power - 
to be transmitted over the link.

The use of the direct current and DC line voltage as primary 
control parameters to avoid major consequences resulting from 

"minor voltage variations on the two interconnected^netwdrks, is 
described. The limiting of the current by the current controller 
for vplve protection (highest limit) and for avoiding disruption 
of power flow (lowest limit),/is also described. ‘

Finally, the control system is dissected into its basic functional 
elements which perform independent as. well1as Combined actions at 
the rectifier and inverter stations to prevent undesirable 
fluctuations and instability thus ensuring^teady,power trahsmission.

1. Celverley T.E. (T , ssa generating
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CHAPTER 4

THE INVERTER AND ITS'-AUTOMATIC CONIip. ;■

4,1 Introduction "
; ^  jp • . ■ ■ - - '' -

The primary function of the Inverter consists of tcsnafprm- 
\  ing'the DC current into a three-phase'>/\C current synchronised

| with;the network into which power is to be fed.

"'?"‘r 7'\Y‘ This can be dtiiy oBtsined by providing th'e inverter with a-
(I I'j." Tiring:,CDntro4 system which fires the valves at equal inver-’

■ ■{ | R' 1 jals ot.ine-sixth ofi.a cycle (60°) and in s|nchrohiani with
' ) : j j . the network frequency. ^

i T ‘k

Another itnportahfc fupqtion which has to be accurately per- 
/fprmed by. the inverter control system i# to maiptain the 
'iiC voltage constant for any value of current trans- 6 
'"iMttod by the rtidtifieHsee paragraph 3.3). ‘

 , liXnddition, the inverter control has to protect, the yelves
anijv^i>itain continuity of power transmission-by reacting, 
to l^yartgtion af voltaqa and current originated -by / 
faulft̂ br' transient conditions. : . - " \
#  :

The Controlling operations are carried out by real time
,^ign^ processors, which may intervene at any instant to
varyi'fiie ̂ firing of the bridge valves so as. to change the"

characteristics of the bridge itself to suit
ilthe' ariosi operating conditions.

Hg. 4i1 and 4.2 show the inverter bridge operating: in an 
IIVDC syijf.f;lii.i the DC to' AC current conversion caused by <the ’> 
controller firiny of the bridge valves, and the voltage 
across the valves during the firing process.
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y « . Extinction angle 
A . Ignition angle (advance)

Ijverlnp 
, t Delay ignition angle

voltage across inverter
valve 1

Voltege- across inverter

Fig. 4.2 Voltages across two inverter valves consecutively, fired 
and the relevant angles oF commutation.



ti.2 Real Tima Procosooro nt the Inverter Station

The real time processor at Apollo is formed by the inter­
connection of four basic analogue circuits which determine 
the settings and the shift of the valve firing angle J3 
-through a common stage or voltage contrpl black.

In the steady condition and from a minimum |pC current of 
not less than ,260 A, the control of■fifing is fundamentally 
due to-the clcjtsed-loop ̂ '-extinction ̂ ngle, which maintains 
the firing ont|lo ̂  constant by regulating the ̂  extinction 
angle of any valve to be fired. Reflating the y Extinction
angle also, maintains the bridge DC voltage at a constant
value or at least within limits on the varying of transmitted
current, (see Paragraph 3.2). *

The shifting of "the valve firing nngieTs" carried out 1?y" 
the 90° .ramp generator in conjunction with the bridge . 
switching on and off, or for protection purposes, by 6D° 
shifter in the event of commutation, failure (see 1
paragraph 5.1.5), or when the dnvertef valves ere fired 
With n bigger angle (inverter cupc&nt control) to de.creasb 
the inverter vbltoge-to mainta'ifi fh-J.cufrent flow when"' 
there is a drop' in rectifier voltag'b.

The block diagram of the real time flocessor controlling 
the firing of an inverter is represented schematically in- 
Fig. 4.3.

The output of the control voltage block is the controlled 
function which causes the network-synchronised pulses from 
the firing generator to fire the bridge valvesi with a firing 
angle P> suitable for the actual working conditidn.



90* firing, 
transient

and controller

Fig. 4.3 Block diagram dfCche real time Inverter processor

^  ' . - .. . . .  . ..  ... :

4.3 The ̂  Extinction Control Loop at Inverter Station

Fig. 4.4 shows the block diagram of the ^  regulator loop .
operating at the inverter bridge. *...

The Various functional blocks forming the clbsed-ctihtrol 
loop are partly situated indors and partly outdoors, and 
because the control and the protection signals are trans- 
fered to and from the bridge valves, they have to be 
shielded against the possibility of external disturbances. 1

|
S b '

Valve firing



Fig.. 4.4'SummerAzes all fuh'ctions carried out by the 
ihdoor control circuits, which will be discussed in the 
following paragraph (Zamco TSE, f979a).

4.3.1 Indoors : General principles about the Ec^of 
Function, Feedback-and Control Elements of the 

'= E^tffiction Controller. " '

The function error &  is givdn by the difference 
between: the actualWalue of ̂  selected as minimum 
among 6 ^  angles measured for egch bridge valve at 
any _firing, cycle and a predetermined refetenQp , .
value (18°).

The selection of the minimum ^ as actual value is 
V( based on the concept to fo'M an- error which ben 
l! guarantee a safety margin as tp fire the 'valve r V 1
before the regio^df the possible commutation failure, 
i.8 reached (gee-ClSapter 5). Considering the vol^-^ 
age across the S/alves as the controlled variable 'r£t \ 
the output of the ^  control‘loop, a.transducer is 
used as the feedback element required to establish % 
a functional relationship between the . actual ̂  and 
the valve voltages, The functions of the trans­
ducer are; ! ''

(a) to accurately measure the duration of.the c">
reverse voltage across each valve at each 1 -
firing oyele; .. ' 1'

vb) to transform these measurements into a series 
of 6 voltage quantities or levels;





got tho actual vnluo of if noodod to form the 
error for the setting of tho new firing cycle 
(soa parngi'Bph W . S ) .

’The control element of the y  regulator consists of
o succession of sevoral devices which are required
for:

(d) generating the ep^vopriate control signals,,
(see paragraph 4.3,,?).;

(o) tronSfiittiPig the control oignals through the 
bridge high voltage zone (seer-paragroph 4-2.4 
'and' 4.6); "

s' ' '
(f) reforming, ‘checking and re-trongforming the 

control siynalo i/sforo Lhey ore applied to 
the valve control yotess (see. paragraph 4,6). 
(Myttelsee; 1969).

The y  controller and the error functions

(a) Tho error between, the reference value end the.;| 
minimum selected from .the 6 actual values 
measured at pooh vqlvei is calculated by peons 
of an, operational amplifier at the input of 
the y control circuit: Considering the block
achematic diagram of such circuit (fig. ,̂5),. 
the errors ^  s ^  -'̂r obtained are an^tified; 
differently by two blocks and Kg in parallel 
in such e way that the new errors fc’will be .
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Thin means that the entire block formed by 
the two and Kg in parallel modifies the 
error transfer function from linear.to expo­
nential by combining two different error ramps 
(breaking point £,|<).

The block Kz, gives the command to transfer the 
error £' to the' output of K3 when the diffe­
rence Ids * is positive; that is
tc-zoverstep the region, of the intermittent 
currents. /■

In conc-lwalon, the steady operation of the 
extinction nngle controller is characterized 
by the equations ft = K-j. where Kj can be
considered constant and equal to one.

Disturbances due to the positive current r^te 
0? chanp-.-, or due to the negative voltage ** 
rate of change over certain limits, modify-the 
error calculated by the; aummatdr S end the 
paralleled blocks and K2 . ***

Therefore the general expression of the error 
at the Ycontroller output will be .

h  t d ’ " Ki BT + K5 5 T ' 1 -
for Id > 0,25 IdN,

NOTE 1: Ids represents the minimum value of 
current allowed for DC power trans­
mission (360 A at Apollo)

NCITE 2: Network voltage
NOTE 3$ The negative voltage rate of change 

has been prevented from affecting the 
error functiona at the Apollo 
controllers.
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otherwise £j = constant (= 0,35 V) For any 
value of curr"it lasa than 0,25 IdN. This 
meana that the ̂  control loop is out off from 
the valve firing proceas when the bridge ie 
in operation and in the absence of DC current.
In such b case the valves are fired under the 
control of the ihverter current controller, 
whose output signal (- 1,7 V) for Id = Idref a 0 
is selected as the minimum by the threshold 
selector (sea Fig. 4.6). the minimum ie 
selected from the signals at the outputs.of 
the Id controller and ̂ -control^er and is 
trensferred through the control voltage block 
to the input-of tfee trigger generator. When 
current flows, firing control- is .rapidly fcsken 
over again by the. vextinction control loop, 
which is allowed tef extend the control of the 
valye firing ̂  up lb an angle with the smallest 
^permitted. A  The ̂ controller generates 
the maximum error t\ max (- 1,7 V) )f The 
minimum error min (- 3,6 V) is normally 
reached In case of negative voltage .rate of 
change dy/dtr'. end positive current rate of 
change di/dt. The two rates of change must 
exceed a certain limit before the threshold 
blocks Ku and-^i -respectively Cause the proper 
error correction to increase tfte firing angle 
jj, in attempting to keep -^constant.

NOTE: The error £,|" meximUm muat be limited
ho maintain fi safe firing margin from the 
region in vdiich extinction angle cari become 
emaller than 9°, (recovery angle of the 
thyristors used at the Apollo bridges), 
and that to prevent the occurrence of valve 
commutation failures, (see paragraph 5.1.4).



from ̂ .controller

To voltage

(; TSE, 1979)
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Nevertheless if the rate of change in current 
Is,very steep, commutation fnilure is bound 
to occur in some of the bridge valves, tis 
discussed in Chapter 5, paragraph 1.4.

(b), Disturbances on the ̂  Control Lodp =.=■ „

Wje, consider now the. block schematic diagram 
of Uite f f  ,* -ul loop, Hg. 4.7, It is 
possible th^^tiii.S^^Eypcti; yf disturbances, 
may effect the uutputvbf thS _trohgducer'i?5;:

{' ^ 1 1  as the, input or output 6t-Ito.-&'• r&Z
voltage block. These disturbances \
originated by fluctuation of the amplifier 

= oporating ppincsr s£robe'ii^oi^ge=p®sk«==du^.tsl===. 
failing power supplies, magnetic fields, dr 
morely electronic device failures.

A1
£ '

Summator Voltage
control ’’

y.cont#ller

X- Vrensdueei\f
i.

Fig. 4.7 V Cuntrui loop block diagram,
0 Disturbance at transducer output.



Disturbances at the output of the Transducer

The disturbance A.j, considered as voltage at 
the transducer output, may affect the control 
loop by adding a positive or negative quantity

experienced several times, if due to the 
disturbance effectj. decreases, (sometimes

and it will beat its minimum value because 
is negative.-t The vslvs -firing will move 

totords-fhe bigger angles, so @s to decrease 
the bridge voltage and.when + Aj = Q> the 
firing angle of the valves is at the maximum 
value allswatLfQp-rfcfre^lex tinction control 
loop. If A j  is not a transient disturbance, 
but is permanently present affecting the 
measurement of Y a » the bridge voltage is also 
constantly affected and the deviation from its 
rated value can be cdnsidorsd proportional to 
Aj within the controlled angle range, forf 
instance when = 0, the bridge volt­
age drops to the minimum value Udicos (18°+ 
where Ag" represents the ^  deviation for 
A t = - |^a | • When Aj_ is a positive quan­
tity (less probable ), it modifies the ^  in 

such a way that ^  increaaes towards zero.
But deviations^ of in that case can reach
a maximum which depends on the minimum . 
angle permitted. If were not limited, it 
might rise to a value (+ 0,36 V), so that the 
Y  extinction control loop is blocked from 
valve firing by the intervention of the minimum 
selecting circuit. Valve firing control is 
then taken by the inverter Id controller, which

to the measured feedback value Va,* As

reaching zero) the error £' will tend to ^  



iMiinfcoina a fixod oul.|jut vnlue. (- 1,7 V) 
provided the uyutow um'i-orii; does not de­
crease. Ibuti in uii-)u of ti pevultskOiiL 
o.giitraHer ouLmju, duu to tho prcsonce of 
ti ebqcidy dietUfUuiico, tliu Id controller per- 
ifoi'ins tlio only pouutblc firiny control- )he 
fivirig- of the valvou Lhurofore is dictated by 
mi upon control loop, which does not assure 
Uie stability, of thu firing end does not read 
to bridge voifcuQu viiriutiona,.-.

If we consider now the transfer function of 
■bloct< diagram pT Kiij.- 4,7 with the only in­
fluence of disturbance at the transducer output 
it is possible, to write;, -

.vrfiere A = . A,(. A2 end AL =■ Ai..A2

--j
- K >

")( - Controller j  •

Transducer

Fig. 4.0 Current controller controls firing when
6 1 = ( y.-i + Ai) - Yr) > 1,7V mid fiJao when 
Id < >6UA. ®



Connltlarifig A|_/(1 - A) es a conatant, from 
Lhp uDovo rciul'.tonciliip, It is possible to 
ooo thot Uio output U(5) iti varying linearly 
so o function of the disturbance M
agreement with fchnt stated before, we can 

, thorpfbro eonclucb:

U<5)-yO fiw T

U(S)— >the- moxiimim Vblue permitted for 
. U(S) may reproncnt the firing angle .

(d) Dloturbnnceo on the Ldkp Direct Line"

Wo now consider the ̂  control loop with the ■ 
proB cncr!.-of-3-d i'i’uBbance-en..lhe,.dirj2C t.Jii^e, 
for inotance, at the Voltage control block- 
input,, (see Fig, ti.9).-'

Fig. ti.9 VControl loop block diagram,
Disturbance at the ̂ .controller output.

-/JR.



v . : , > '

(i<s) = ((\ tA v  . A, , A2 = « . (£j *[Ai i
"here A = A1 . A2
Since £< = wc con re-write
U{5) = ,A • (A1 . 6' +Aj.) • Therefore the err,
V =.̂ 61 ~YT can be 9Lso expressed as t
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