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controller and a furbher deviation angle 
caused by Aj.*

'That means; jib mnx + ( ^  min h- Af)

” fquation. (i) is only' valid up to theJ^ftit'
 ̂max (= - 1,7 V), because as stated 

previously, the y control system is replaced.
_ by the open loop Id controller, if max 
is not limited. i,

■ Jhus as the voltygQ cdnfcrol.-output i# blocked 
to £,!| max and ^  jjin through potentiometer 
"settings’, two 6kl>i^vpotentiometers are $lso_. 
used at the voltage.^optrol output to stop 
possible increasing dtidec'reasing ,pt the 
firing angle ̂  beyond HAgle B5°"and 30° 
respectively on the variaSion of the error 
function fa wlien direct line disturbances

Generation and Sychronizotion of the Firing Pulses

The generation of the firing pulses is corried out 
by a stabilized generator which converts a train 
of 300 Hz ramp pulses from a primary generator 
into a train of 300 Hz rectangular pulses. (Fig. 4.10 
M l ) .  Since the primary 300 Hz rsmp generator is. r 
synchronized with'the AC network %M,:g^rect8ngUle? ' 
pulses will also be synchronized (Eacom) net­
work. The synchronization allows the firing 
pulses to be conveyed to tl*ie valve gates with an, 
advance angle j? which, as proportional to the vpit- 
ago control function £f, ropvegenta the actual 
firing angle, computed by the real time processor. 
(Sec paroyraph 4.2).
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Fig. 4.11 lime diagram of the pulse generator with 

£ f = 0 (Zamco FSC, 1^79)
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The firing pulse generBtor is followed by a 6 
pulse ring cohvertbr (Fig. 4.12) which re-ehapes 
the pulses apd allocates each to one of the 6 paths 
(see paragraph <i.3.4) used for’ the transfer of the 
firing pulsed to the valve.geteq. In this manner 
the 6 bridge valves are fired in the required sequen­
ce end with the proper advanced angle in rela­
tion to the voltage across them.

(a) Synchronization and firing levels

The synchronization of the firing pulses with 
the AC system is obtained by clampifig the 300 
Hz rgmp pulses at the network line-fcp-line 
replica period. 1 - . -•

:
In other words each firing pulse from the gene­
rator .is made .coincident- in time with the 

positive to negative reversing, point of the. 
line-fco-line voltage, which is present across 
the valve when the firing should occur.

The 309 >Hz pulses ere therefore synchronized 
' with tli&' AC system voltege oply whan the bridge 
is ree.; '.\.._be switched on, that As, busbar 
links closed.* - Moreover it must be emphasised 
tha> aa tiio firing, arjgle range for an inverted 
of Apollo:- ip vary from 85D to 30° the s y n ­
chronized pulsge are always shifted by the real 
time processor iirto the aforementioned angle

The synchronizing voltagea are detected by the voltage 
transforrnera located between, the busbar links and the 
bridge? breaker.





For instance when the bridge is ready to be 
switched on, the output of the 90° rate of 
change circuit w.li add,,a firing level (5 V) 
to the 300 Hz ramp generator output (see 
Fig. 4.11). Such..a firing level moves the 
synchronized pulses t<? the 90" degree value 
firing angle since the bridge is out of opera­
tion and fcĥ  pulses are prevented from reaching 
the valves. , r . . ...

When the bridge is switched on,the firing level 
will decrease from the 90° firing angle as the 
firing angle is brought to its minimum by the 
processors. The firing levels are determined 
at' ihy‘ inStarit by the varying value of the 
voltage control function tf •

(b) Pulses Generator and Firing Pulse Shifting

The basic circuit of the 300 Hz generator is 
given in Fig. 4.10. As stated in paragraph 4. 
3.3(b), the valve firing, pulses are synchronized 
with the AC system when the bridge is ready 
to be switched on. Thielsittiatibn is..cleSrly

-i presented by the response i.sigi.tls of the pulse 
generator during the interval at which tf - 0.
At instant t0 6f changes value and causes the 
pulse angle shifting indicated in Fig. 4.13 
as A p  (Zero TSE, 1979b).

The Firing Pulse and the By-pass Logic

Two logic circuits' identical to the one shown in 
Fig, 4.14 provide the paths to the firing pulses to 
the positive and negative bridge valves respectively.* 
The selection of the firing pulses to be aont to
* NOTE: liefer to Fig. 4.17. The positive and

negative bridge valves are represented in 
commutating group 1 anti 11 respectively.
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Fig. 4.13 Response of the pulse.generator by input 
control voltage 6p = f(t)■
(Zamco TSE, 1979).



the valves j-consistent with the actual electrical 
condition (Si the* bridge. In the steady state 
therefore, the Firing pulse logic allows only the 
passage of the firing pulses controlled by the ^  
extinction angle regulator or the inverter current 
controller. During the transients the pulses from 
the by-pass generator (see paragraph 4.5) are 
logically selected to Fire the available pair of 
bridge valves to by-pass the DC system current 
during the opening of the by-pass breaker, and thus 
to preserve it from damaging -flashovers (see para­
graph 4.5).

The by-pass logic (Fig. <.14) generates the pulse" 
A&f, (see paragrar^ 4.5), which limits the end of 

’ rril" W I 3 p ,:"WIieff(^-Wtran's'rffnt=ana‘""the 'start ""— " 
(90° Firing) of its normal operation.( 30° firing).

During the bridge swikcKigig-aff, the by-pass logic 
provides the pulses from' the 100 Hz generator** o 
the 6 firing paths of the firing logic to by-pass 
the DC current through the valves on the closing 
of the by-pass breaker (see paragraph 4.5).

On the occurrence of valve commutation failure - 
(see Chapter 5).the normal firing pulses from the • 
pulse generator are blocked to allow the free 
passage of the protecting intercept and set pulses
■ generated by the commutation1 failure detector..

Finally the firing pulse logic transmits a start 
end a stop pulse to the outdoor control circuit.
These two pulses are formed by splitting the ori- 
ginary firing pulse. (The stop pulse is transmitted 
6,6 ms after the start pulse). (see Fig. 4.15).
* for instance R+ and R-
** the valve pair is kept conducting during by-pess

operations by firing it with a 100 Hz pulses
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5 Transducer or y  Control Loop Feed-back

The schematic diagram of Fig. 4.15 shows the feed­
back block of the 'jj' extinction angle control 
(transducer) loop.

The Feedback circuit perforins the jfollowing 
- functionss, ,

(a) measurement of the. ̂  angle o| ;pach valve 
during a commutation cycle

(b) conversion of the 6 individual y extinction 
anglers in£o proportional voltages

(c) storage cf the 6 f  angle converted voltages ^ 
in the memory ‘

(d) selection,,of the minimum voltage converted 
 to'form the ^  actual afc the input of the ^ -

controller, (paragraph 4 .5.2),-

Measurement and conversion of the ̂  angles are 
carried out by two•integrators symmetrically located 
on the transducer circuit so as to receive and mea- > 
sure only the y  pulses related to the superior and ' 
the inferior commutating groups*of valves respect­
ively (signal Ug and in.Fig, 4.15, and 4;16.
The y pulses (Ug and U^) are passed by a OR gate 
which oollecte the 120° shaped y  pulses froirt the ■ 
bistable flip-flops A, B and C. Since the interval 
between the current and voltage pulses corresponds 
to the extinction angle of the respective valve," 
the ^  pulses are formed in conjunction with the 
setting and resetting of the aforementioned bistable

* For the superior find inferior commutating groups 
refer ̂ tu H lj. 4.17.
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Fig. 4.16 Forming V actual "elue bv collectinq the 

6 extinction angles



flip-flops on the arrival of current end and . 
voltage zero crossing pulses at any bridge valve 
commutation (Fig, 4-17),

Fig. 4.17 shows also the instants tu and t^ at 
which the current "End"’and the "Voltage zero 
crossing" pulses ere originated by electronic 
detectors installed at ,the measuring section of 
each valve. The measuring intergrators are fed 
by. the V  pulse signals 'desplaced by 1̂ 3., as shown 
in Fig. 4.16.

At each zero crossing of the commutating v 
when the input signal of one of the two i 
drops to zero and the integritioh is' Completed, new 
information becomes available for the other inte­
grator, which still stores the information from the 
preceding measurement. The voltage pulses of one 
conWiutating group are combined by an OR gate, and 
are used to clear the intergrator of the other 
commutating group to allow the storage of the new 
information (see Fig. 4,'fi and 4.16). From 
Fig. 4.16 it may be deduced, that the-information is 
stored by the associated integrator for an interval 
of V/3. The combination of the two integrator 
outputs through a maximum selector is offered to 
the interconnected inputs of 6 sample and hold 
elements; and each stores the voltage (which is 
proportional to the respective extinction angle) 
for one complete cycle. •

Only the smallest output signal of the 6 sample and 
hold elements is chosen by a further minimum Selector 
and such signal is given as the actual V  to one of 
the ^  controller comparator input.



Valve current

Valve voltage

Comparator 
voltage UA

Current pulae

Flip - flop •U,

Fig. 4.17 Forming y actual value for one valve.



The selection of the minimum ̂  enaures tl>e reliabil­
ity of the inverter operation and the tronsient 
response of the extinction angle control loop.

6.4 Open Control Loops ond Firing Control Ranges

Tho firing angle control muut be able to shift the firing 
advance angle p  from a maximum of 05d to a minimum of 30°. 
The firing advance jingle j) iq limited to 85° instead of.
90" to prevent the inverter bridge from falling into the 
rectifier mode of operation when the angle g  has to be 
largely increased at the inverter DC line side for 
obtaining a low voltage.

The firing control from 65° .tg. 30° is performed by open • 
control loops which take over the Tiring control from the 
cloaad control loop ( ̂  extinction' control) during the 
transients and for protection purposes during faulty or 
abnormal working conditions. The' open control loops 
operate by the intervention on the firing control of:

' <6
. . .

(a) 90" Rate of Change.4.3mjter (Fig. 4..1B)

This, in conjunction with the switching on or off 
processes of the inverter, provides a smooth dec­
reeing or increasing respectively of the firing 
advance angle (transient control) in order to 
avoid voltage oscillations and consequent system 
instability. (See paragraph 4.6).

(b) Two Pole Current Controllers

Tech of those commands tho firing of all pole bridges 
when the DC current drops from its rated value by a 
quantity bigger than tho current margin (see pera- 
gvaph 3.4). The curront margin has been chosen

"i: I , "
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around 10% of the estatjiished rated current.

(c) A Commutation Failure Detector

This intervenes, to shift the advance firing angle 
tibj,'$00 on the occurrence of a valve commutation 
Failure (see paragraph 5.1.7)

(d) Bridge Tripping Logic Circuit

This sends'a commend to shiFt the advance firing 
angle ‘to 150° on the emergency switch off (E50F)r 
of the rectifier when the bVercurrent diverters 
operate.(ae6 paragraph 5.6),

The operation oF the aforementioned circuits For the 
ebiFting of the advance firing angle ^  causes the open 
control loops through selective switches (see Fig. 4.1,9) 
arranged in the control' voltage block. " The,90° and 60* 
firing change-over signals cause the blosure of two elec­
tronic awltchea; one for the breaking up of the closed 
control loop and the other for connecting the voltage re­
lated to the required angle to the input of the trigger 
equipment. The 150° change-over signal causes the closure 
of the First switch and also both of the switches related 
to the 90° and 60° change-over signals. Thus the control 
voltage tf which will cause the firing pulses to be shifted 
up to 150° (rectiFier operation oF the inYdrter)*} is ob­
tained by adding the two control voltages for the 90° 
and 6GD valve firing respectively.

Figure 4.20 shows the behaviour of control voltage fcf,
From the instant in which the bridge valves start Firing 
( ji = 85°) under the control oF the switching-on open 
control loop or 90° raf"n control due to the rate oF change 
limiter, to the instant at which the extinction control
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loop tokos over ( f!> = 35° roaohed for Id = IdN)."

varies liiiosrly up to - 3,6 V, at which value the 
control of firing enters into tho dominion of the extinction 
control. It ie very interesting to note that for a while 
£(■• represents the output of the 90" rate of change limiter 
(from -5 to -3,6 V) and afterwards the error calculated by 
the u controller, which compares at any instant the actual 
and the reference value (18°) of ^ . The behaviour of 
tho inverted DC voltage .is also represented in the same 
figure to.emphasise its dependence on the control voltage 
function;£f.

Udi.cqsjk'

udi»i

/romp control

Fig. 4.20 Voltage control and inverter output 
voltage during transient (bridge 
switching on).



During the 90° open-loop control, the variation of the 
firing advance angle follows the variation Of £f controlled 
by the contr.pl ramp. Consequently ^ actual can be 
expressed from the beginning of the transient switching-on 
process of the inverter as . :U

, M  * it) « % «  ,
where K is a proportional degree factor.

The inverter voltage will thus, be represented by the 
following expression v,

toi.cos K-( ̂  +'£r) = Udl^ros^^,

which dujhihg the steady b^dSTioW'dF'urBe^'^^^fB^tidn™"" " " 
angle control since tf- fcj becomes .

Udi.cos(K.^p: Udi.cos^min* = constant

Firing Control During Transients : SON, NoitiF" and FASOF

During the switching on and off of a bridge, the firing of 
the valve is performed so as to cope with several protective 
needs for the safety of the valves and for ensuring the . 
stability of the entire plant. '

The valves are fired for 10 seconds at the beginning of 
the switching on process (SON) to ascertain the state of 
the by-pass firing generator which produces the 100 Hz 
firing pulses.

This generator is located at a logic circuit (by-pass 
block) before the final indoor amplifiers provided.to give 
the necessary energy to the firing signals transmitted to

* NOTE: •(m l n =Y=



the outdoor firing control blocks. After the afore-, 
mentioned check and after the bridge has been prepared 
to be switched on by the removal of all earth links arid 
the closure of the polarity links (related to btio direction 
of the transmitted current), the acknowledgement of the 
opening of the by-pass link causes the operatiiig of art 
electronic circuit which, by the intervention of several 
timers is used to supervise the correct sequence of the 
final switch-on steps. With" the aid of oscillograms-of 
significative quantities and. by the representation of the 
valve firing pulses, Fig. 4.21 shows the time intervals 
in which several events have to take place,. before the 
bridge can be put in operation.

Instant,t0 in Fig.̂ :.4._21jna.rk& tli&.__:stMt_ofTth^J,eAt^nic.. 
by-pass on the generation of the by-pass CMD (function,d 
in Fig. 4.21). This releases the 100'Hz pulse generator 
to (function a,b) fire only two bridge valves of the 
selected phase (ths first bridge phase available in order 
to by-pass the flowing current, when the bridge by-pass 
breaker is commanded to be opened). This by-psss firing 
situation will continue also after the opening of. the by- 
pess breaker, which normally occurs 220 ms later on the 
generation of the by-pass CMD, The total duration of the 
by-pass firing is dependent on the acknowledgement of bridge 
breaker closure, which has to occur within 120 ms after the 
opening of the by-psss breaker.

The acknowledgement of the bridge breaker closure determines 
the change of firing valve from by-pass logic to 90° 
with ramp firing, which will continue until the y  control 
loop takes over control.of valve firing (see paragraph 4.4). 
The switching from the one firing control to the other is. 
initiated by the emission of a At pulse from the by-pass 
logic circuit immediately after the closure of the bridge





1

Bridge breaker closed
| 50° firingUdlB (output bridge voltage) zv .^..y --- , 30° firing with ̂  = 18°Aj\JsJ\WsJ\XWM

Firing of 
valve R+

1 100 Hz firing pulses (bypass)
Firing of

(b)

Firing of

Firing of

(d)

(corrective voltage control)

Fig. 4.21 Valve firing during bridge (SON).



breaker. The & &  pulse is added to the output of the 
90° degree tamp controller to synchronize the new firing 
(90°) with the voltages across the valves. If the bridge 
is switched on in Absence of current flowing, all the 
aforementioned steps will take place, but the final firing 
will be dictated by the inverter current controller (see 
paragraph 4.4) instead of the V  controller.

Normal switching off (NOSQf) ia performed in the reverse 
way.. The first step is characterized by the smooth inc­
rease of the firing angle ̂  towards 90° due to the 90° 
with ramp firing angle circuit, which overrides the control 
of the ^ controller when the bridge receives the command 
to be normally taken out of operation. the opening of the 
bridge breaker which disconnects the inverter .bridge from 
the network, determines the by-pass firing (1D0. Hz) of all 
bridge valves (3-phase by-pass), to permit a safe recloslng 
of the by-pass breaker, during the by-pass switch-off 
interval.

The faster switch-off process (FASQF) on. the occurrence of 
more dangerous faults and failures: is characterized by the 
rapid disconnection of the bridge from the network due to 
the quicker opening bridge of the bridge breaker (90° 
degree without ramp). The remaining steps are the same . 
as those described for NQOOE

4.6 Outdoor Firing Control Circuits

Command Unit and Emergency Firing Pulses 
The firing pulses (and any other pulses to arid 
from the valves), are adequately protected fronr 
electromagnetic interferences during their jourhay 
towards the valves. The protection is ensured by 
isolating transformer, screened cables and a fibre
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the emergency Firing (Zamco TSE, 1979c).

Gate Pulse amplifier (by Zemco documentation).

The gate pulae amplifier amplifies trigger signals 
supplied by the control and monitoring equipment 
into trigger pulses For the converter valve.

The trigger pulses passed to the valve unit take 
the form oF medium Frequency siggle-phase AC and 
produce turn-on oF the thyristors of one valve of 
the valve unit.

The amplified trigger pulses are transmitted 
magnetically (see Fig. 4.23).

(a) Signal section

The signal- section of the gate pulae amplifier 
receives its signals from the control and 
monitoring equipment (command unit) in the 
form of positive rectangular pulses > 10 V,
50 mA, end negativ ' peaks oF approximately 
30 V, both with a repetition frequency oF 
50 kHz. 1

The logic oF the signal section takes : 
into account malfunctions ouch as

insuFFicient supply voltages 
pulse length not adequate ''
time difference between start of (input) 
trigger signal end (output) trigger 
pulse > 5$ia
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trigger signal, present but no trigger

trigger pulse emmitted although no 
trigger signal applied 

» one of the three parallel' input channels 
exhibits different signal 
insufficient oil flow;

end decides on release of the trigger pulse.

The trigger pulse:has th& form of AC pulae 
train with a natural frequency df 5,25 kHz 
end a repetition frequency of 50 Hz. ..The 
amplitude of the 1st half wave- of each pulse 
is 620 A," and that of the subsequent half wave, 
approximately 300 A.

(b) Power section

The power section* operates .on ,the principles 0f 
a parallel-resonant circuit inverter. The1 
configuration of the circuit is shown in Fig. 
4.23. The resonant circuit consists of the 
inductance of the triggering cable loop I, 
the resonant circuit capacitor C$and the 
reaiator R (resulting resistances x.,' the gate 
pulse transformer, gating modules and thyristor 
gates).

The capocitors C£ end act as power storage 
units for recharging the resonant circuit capa­
citor or as commutation aid for the load circuit. 
At the end of the pulse train, capacitor C4 

charges the resonant circuit capacitor to the 
voltage level necessary for the firat



yal-

,C2 C3

Triggering cable loop

Fig. 4.23 Gate pulse amplifier us parallel-



trigger pulse. In the steady-state condition 
this circuit operates as follows (see also 
Fig. 4.24)i

At t1 thyristor Ti is triggered and the resonant 
circuit capacitor Cj begins to swing over from 
negative voltage to positive voltage. Before 
the, capacitor voltage reaches zero the commuta­
ting thyristor T3 is turned on at indtant *2 
thus accelerating the awing-over operat.tdn.

' At the same time the current in the triggering 
cable loop is reduced under heavy damping.
At instant 64 the same procedure is repeated 
with thyristors T2 and T^. The. resonant , 
circuit capacitor then swings back to the ini­
tial voltage. The hold-off interval for 
thyristor f-| is' gf\feirB"y-t‘he‘ spacing of the 
two current pulses ̂ (t̂  - t>). The hold-off 
interval of the anti-narallel thyristors T2 
is given by t^-tg. j ('the positive rate-of-rise 
of voltage across tll^-hyriators is limited 
by additional non-linear reactors.

F6r thyristors T; end T4 the hold-off interval 
is given by the tiipe between the two load 
current pulses tj) extended by the time
required by the voltage.:to reach positive 
valuea.



Fig. 4.24 Voltage and current diagrams on the parallel- 
resonant circuit Inverter of the gate pulse 
amplifier.



SUMMARY

Converter control depends on the AC system voltage and 
consequently on any AC voltage variation and distortion 
which might occur, and the r\iated problems were not easily 
solved. *‘

A new concept of converter control was developed for the 
Songo - Apollo systVa, based on the generation of a variable 
firifti'^UlSe by a digital register (ring counter) which in 
turn itf under the control of a voltage controlled oscillator.
The confcroiL-yoltage is formed by

.(a) differentiation, of a feedback function representative .
of a conversion parameter (yextinction angle) with a 

   reference value during the steady-state condition, .und

(b) protective devices during periods of difficulties and 
system voltage instability. . »

This enables the firing angle control to shift the firing 
within the permissible angle range.

In addition to the control operations already mentioned, the . 1 
inverter requirements for constant angle control are achieved1' 
by comparing the instant of the' delayed end of the commutation 
signal (current end pulse) with the relevant cross-over pulse 
(voltage zero crossing pulse). This determines whether.of, 
not th'3 valve commutation may take place (described in greater' / 
detail in Chapter 5). "

The safety angle (yextinction angle) for valVe commutation 
is preselected and based on a yminimum linked to the characteris­
tic of the thyristors, with a safety factor added. Iq-this 
way, ideally the end of the safety angle coincides wî Ti the ' 
crossover of the valve voltage, or with the end of commutation.

* Further development of converter control aysteirp are in 
progress.





Fig, 4.25 shows the functional block diagram of the control system 
used at the inverters of Apollo'. In the blogk diagram the 
monitoring and the protective devices are also represented. They
will be discussed in Chapter 5.
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CHAPTER 5

DC PROTECTION

5.1 Commutation Failure Protection

S. 1.1 Definition of Coiurtufcetion

Valve commutation is the transition from the con­
ducting state to the non-conducting state of the 
bridge valve and viceversa during the normal 
working condition of a converter bridge. (Fig. 5.1.1)

5.1.2 Causes of the Commutation Failure

Commutation failure in a valve takes place when 
the valve is not correctly fired. Abnormal firing 
is the result of faulty conditions- in the firing 
control system, and leads to the disappearance or 
delay of the firing pulses, of is the resalt of AC 
system voltage weakness or distortion. The AC 
problems are the more likely cause of commutation 
failure» ond moreover, AC ayatem conditions ccfild 
involve all bridges- of a pole in a simultaneous 
commutation failure, (see paragraph 5.1.14)

Abnormal firing of inverter valves may also occur 
during the re-energization of the DC line, if the 
rate of rise bf the energising current ia hoc1 
properly controlled.

5.1.3 Commutation failure in the Inverters

Since the automatic control system of' the inverter 
has the important task of maintaining the HVDC system



voltage constant, the occurrence of commutation 
Failbre in an inverter valve, which causes a sudden 
drop, of the inverter DC vdltage, is more serious . 
than the commutation failure in a rectifier valve, 
because‘It affects the stability of the HVDC system 
more -adversely. for this reason, commutation 
faiJjUre is constantly monitored at each valve of 
the inverter bridge and devices have been developed 
which reduce the influence of such disturbance on 
the normal behaviour of the HVDC system ('Ximbark, 1971s

Circuit-commuti&ted Recovery Time and Hold-off "
Interval ( ^  Extinction Angle)

Commutation failure in an inverter valve cen be 
the result of an ekcessive^i.ficrease of the valve 
commutation time. This means, as shown in Fig.
5.1,2, that if an off-akate voltage (positive volt­
age) ia applied to tfie valve before the expiry of ' 
the circuit-commutat6d recovery time tq, the valve 
will turn on again even without gate current. »
Commutation failure thei4fore occurs if the period i 
of the reverse voltage (hold-off interval), 
which corresponds to the ^  extinction angle, is j 
shorter than the valve circuit-commutated recovery ' 
time tq.

The circuit-commutated recovery time is a characteris­
tic of the valve thyristors which varies with vary­
ing thyristor junction temperature.

•  V
The hold-off interval is a characteristic of 'the 
circuits used to damp surge negative voltagti and 't
to reductt the rate of rise of voltage or current



in the thyristors Forming o valve during the turn­
off time. The hold-off interval which is equiva­
lent to the y extinction nngle can be set by a 

suitable cspocitor-roeisLor combination.(grading 
circuits) in parallel with thyristors, ant) by a 
series inductance Fig, 5.1.2. 1 The grading or 
suppreoaion circuit at Apollo inverter station has 
been sot to guarantee a hold-off interval of 1 ms, 
equivalent to an extinction angle y =  18° for the 
thyristor type used'which has a recovery time re­
sponse in the order of 500 p,s.(9°) (Heumann, 1975).

I;1 valve.currents 
{ I during,commutationvalve 3 off-state

A t

"j Valve: 1 voltage 
jduring commutation

t2 - ti = tq Circuit-commutated recovery time
t2 •- t0 = si Valve commutation time (overlap time)
t) - tg = At Hold-off interval, which corresponds

to the ^extinction angle of the valves.
Fig, 5.1.1 Normal valve commutation
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a1" 1-Sll

t; - tt = tq Circuit-commutated recovery

fig. 5.1.2 Valve commutation failure.'/ The commutation 
time is^too long end valve 1 returns-to the

Fig. 5.1.3 of Apollo volvea.
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Consequent Confutation Failure in an Inverter

Commutation failure in any Bridge valve leads to 
the collapse of the direct voltage of the inverter 
bridge for a period which has been calculated to 
be three eights of a cycle. This decrease of the 
DC voltage at the inverter side causes a sudden 
rise in the direct current which in turn prolongs 
the commutation time. This has the result of 
creating conditions for the occurrence of new 
commutation failure, theseby-resulting in an1 
'additional decrease of the inverter' voltage 
(Kimbark E.W. 1971b). " The occurrence of s commuta­
tion failure in an inverter bridge is the/efore 
likely to spread tq_.all the other inverters of the . 
affected pole if the rate of current rise after a 
commutation failure is not properly limited, /j 
solution to the problem of consequent commutation • 
failure has been found with the installation of a DC 
reactor on the DC line receiving end (inverters).
Tho inductance of this reactor is calculated (by 
Kimberk), so as to oppose the rate of current rise 
due to the occurrence of commutation failures.

DC Terminals Short-circuited by the Occurrence o f . 
a Bridge Commutation Failure

When a valve fails to commutate, the'inverter bridge 
causes the DC terminals to be short-circuited through, 
the uncommutated valve and the next valve in the 
valve firing cycle. For example, for a bridge 
condition in which valve 1 and 2 are conducting, 
the new bridge configuration should be characterized 
by the conduction of valves 2 end 3 through the 
following commutation:



If valve 3 .does not. commutate, v.alve 1 fails also 
to commutate and remains conducting when valve 4 
starts to conduct after its ignition.

As shown in the inverter equivalent circuit of 
fig. 5.1.4, a commutation from valve 2 to valve 4 
after the occurrence of commutation failure on . 
valve 1, causes the DC terminals to be short- 
circuited by the valves 1 and 4, and that situation - 
of DC terminals short-circuit will continue until 
valve 4 extinguishes.and completes its commutation 
to valve 6. r

Further commutation failures can prolong the duration 
'of the DC terminal short-circuit which increases 
the instability of the entire system end dangerously 
stresses the valves of the affected bridges. ■, 
Therefore several electronic devices have been 
developed to overcome the problem of a short- 
circuit of long duration on the DC terminals due 
to commutation failure.

Fig. 5.1.4 DC and AC short-circuit due to bridge 
valve commutation.



Cotnmutatinn f lilure Protection at the Inverter 
Station

At the inverter station, protect:
t.ion failures is based on the fo!

(a) Reducing the probability of < 
due to the disappeararj'ce of the firing pulses 
by automatically switching c 
bridge before any comnjutatior 
piece. This is done hy t 
tive system (valve firing ti 
Chapter 5, paragraph | ) 
firing pulses along tfijsir Journey towards the 
bridge valves and verjji quick!y.__switches out 
the bridge when a firing -puTs'eTFs 
detected. " i | '  ■

(b) Shortening the time during v 
DC voltage is reducedjfco i 
of a commutatjion faille.

4," ;(c) Recovery the1 be bridge .voltage smoothly ffam 
its dump on the occurrence of commutation 
failure by increasing the valve firing angle 
from 10“ to 60B| ■

(d) Reduction of the power transmitted by sending 
a command signal (Idref a 0,3 Idn) originated 
by the commutation illure detectors at the 
inverter bridge protection cubicle to the 
rectifier current controller. That command 
would cauae a power reduction only on the 
occurrence of a second disturbance within e 
defined time from the first commutation fail-



yre, or in case of an AC system Fault (all 
bridges of the pole afCocted by commutation 
roipure)..

(e) Outage of the offectcd br.idgo if the rate of 
commutation failures (multiple commutation 
failures) exceeds a defined value.

The Commutation failure Detector Input Signals

Fig. 5.1.5 sf)ows the block 'schematic of Che 
commutation failure detector For each bridge 
valve at ttio inverter britjgc protection cubicle. 
The response &F the digilol"'electronic circuit 
detecting the ̂ occurrence tif the valve commutation 
"Failure can-b^easi'iy understood- With the^ help of 
the pulse signal dia^ am (fig. 5.1.6) qt different 
prominent points of the detector.

! '

Commutation failure detector input signals are 
defined as .ho valve status signals.

They ore as in this sequence of Fig. 5.1.6.

(n) This currcnt ntnrt ,ia goncvotod os soon os
the current has reached the value Id=0,25 Idn, 
after the valve fires.

(b) This current end ip generated when the valve 
current has decreased to a value in the order 
of the reverse current, and the velvo ia at 
ita negative rovorne voltage.

(c) This emorgoncy firing is generated becauW of



the danger that the valve may be switched 
back into conduction when subjected to a 
•positive voltage. (Tor instance, the ̂  
extinction angle defined by the negative vol- 
tage duration is smaller than the settled low .

-- limit (0,5 ms), (see paragraph 5.1,4)

(d) This voltage zero crossing is generated at 
zero, crossing of the system voltage when'-it 

. is rising to the positive from the negative 
reverse va],ue. Within-a certain grange across 
the zero croysing.point, the system-voltage 
corresponds tq the .valve voltage. - ,

NOTE: All the valve status (signals are
•transmitted from th% valve outdoor 

•" control to the bridge control1 system
through a fibre optic 'System ("light- ;1 
beam) ill the form oV-’ 60 V,. 10 ms wide 
pulses. In the bridge .control cubiciiV 
they are re-shaped to approximately 

; . 100 |is Wide 10 V^ulses before being "
fed to the commutation detector inputs.

Detector Operation: Intercspfr and setvPulsf<s

Under normal conditions (absence -o^commutation - 
failure) the operation of each .bridge velve can': be 
represented as a status variable which continuously", 
cycles between the on and off state as the vglve. - 
is fired. Precisely at each viycle the non-conduc­
ting state of the valves -is followed by the conduc­
ting status (6,6 ms); the transition from one state 
to the other represents the commutation statui'Qrv ' 
the commutating period of the valves. :/.f



The conductivity status oF the valves is monitored • 
b'C')fiip-riop A (Fig. 5.1.5), which is set and reset 
by the positive Flanks 'of current start pulsss and 
cqrrerib end pulses respectively. .

The commutation 'status*!^ monitored by measuring 
the y extinction angle as a time period,, identifies!.

" attach cycle by the current end-voltage zero /  
crossing pulse interval (Fig,--S;.1.6)7 Due' to the 
detector AND gate B (Fig. 5.1.5), the comnutation 
failure protection signals can only be generated 
when the output of flip-flop^ and the zero crossing 
pulse (high level. Coincidence)\plncide, or when y ( 
is more"'than 50% less than "^N (16°)^-since, as 
previously stated all causes of commutation Failure 
leod^to a very small extinction angle.; The 
combiitation failure pulse in turn causes 5he genera­
tion of two pulses, called'respectively intercept " 
and set pulses, which interrupt the normal valve 
firing sequence. Furthermore, by causing thd 
inverter bridge to work for̂ tr'"while1 in rectifier 
mode, the short-circuit condition on the DCltermi- 
nals, as s consequence of'thW" Commutation fJillure, 
is removed. ,..In other words if, for instance, 
talve-T',(S+) fails to commutate from the conducting 
state, the consequent intercept pulse will fire 
valve 5 (6+), meanwhile the set pulse will turn on 
valve ti/(R-). " This means that a simultaneous 
firing of tjWo different Valves is caused by the 
protection logic (Fig. 5.1.8) after the occurrence 
of commutation failure in any inverter valve to 
obtain a negative reverse direct voltage across y f  
the inverter bridge (rectifier mode of operation ( 
of inyertei* due to commutation failure protection);
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Fig. 5.1.7 Response by commutation failure (without negative 
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5.1.10 Timer Units of the Commutation Failure Detector

Commutation Failure causes the output of a 15 ms 
timer C to b6 set (Tig. 5.1.5,' 5.1.6) and by ..such 

, setting, any further commutation failure otcuring
3 within thia period, causes another pair of intercept

and set purest-to be generated (Fig. 5.1.6.)^ On;
. the.elapse^of bimer fi, the delay element 6 is set

fwr 20 ms causing the blocking of intercept arid 
- > set pulses for each bridge valve, moanwhilepthe . j;

monitoring and displaying'channel^(6,,cjiaonels’as,, 
the Valve number) are releaseciv^,’ "msjfs She'
time ddring which ^Commutation fa<_ jfcjirll■"-A. i, ,, ' .. ; # . ■
initiate the> tripplTig ̂ process of the'affected'bridge 
through the seeing of the detection store E and , . 
the time unit F. ; From what has been, previously 1

J . stated, to- the case of a persistent, commutation
ll ... failure, the time units C and D will 'jjiot charige " -

^ their set condition, and therefore the detection-
1.1,̂ . -" ' ' store E and the timiny-unit F willl maintain the

" Sdtige of the 'bridge. . \  ’ ''y

It is useful to emphasize that aft^r two-consecutive 
cortiifluEation fai]ureb within 35 ms fbr'instJjice, of. 
the sartib valve, the protective detector enters into 
the tripping dbndition and only.et the’ second 
commutation failure the valve no commutated and still 
conducting ia displayed by the flicking ..of a mohi- . 
toring LED. 'b.

Advance Filing Angle Setting and IdrefL-s 0^3 CMD.. ; • ,* 
to the Rectifier Station

The sefctlhg of the time unit F (Fig,;"5»i .5) >ill  ̂
break the firing valve loop circuit and the Output 
of F will take over on the firing of the bridge



valves with an advanced angle ji = 60°, (see 
Chapter ^paragraph 4.4) in order to maintain 
the bridge voltage conveniently low during the 
disturbances.' Movebydr whom two commutation 
failures ocfcuV one after the other in s'uch a short 
' tints that the timer is not reset on the elapse of 
40 ms (see Fig, 5.1.9) from the setting of the time 
unit F itseJf (see Fig. 5.1.5), the CMQ Idref = 0,3 
Idn is transmitted to the recti tier'control system 
so as to reduce 'the power transmitted of j. If - 
sutih reduction does opt fcoke plsce in a time of 
120 .ms, (see Fig. '5.1.9) a command to, swifjeh off the 
bridge iiivnediatel̂  (back-up FASdF.CMD)|s issued > 
by the same logic circuit of Fig: 5.T,C ." ‘

Peal and False Conwtation Failure •.

The commutation- feilure'iroanitoring' channels cannot 
accurately identify, the bridge valve affected bV 
the first commutation failure. In fact the 
commutation failure of valve 1 (R+3, for insbance,'\, 
may be cauSecf by the emergency firing pulse or%y ' \  
the detection of misoing current end pulse.
Both events may be determined by the- failure’tbf the' , 
electronics generotiify and tronsfnitting sucTi pulses^' 
dnd, although valva -1 commutates because of the 
normal valve 5 tun1' on, the set and intercept pulse^ 
are also generated by the R* valve detector, causing 
the inverter bridge to- suddenly work in the'' '<% 
rectifier mode. Wc define this type of disturbance 
as false commutation failure of the bridge. Oitt 
if valve 3 (W-h) fails to commutate from thejjionr 
ocnduct.ivity state, valve (R+) is forced to maintain 
ita turn on state. Again the end current p'ulse 
ia not f-inorutod and the protection operates ttiis



time as intended for reel commutation failure.
In conclusion, the commutation failure detector 
has been designed mainly to protect the yfliv? in 
tt)e conducting condition, but the -source of the 
disturbance is mostly to be found in the switched 

'■‘.off valvo (Zamco TSE, 1979s).

Fig. 5.1,0 Velve. ,1 and 6 in t^e conducting Condition. ’ v

(a) If valve 1 fails .to commutate", valve 5 and ^ . 
are simultaneously fired. ;

(b) If valve" 2 to commutate valve 5 and 6' 
Qi-o simultantieti's'ly fired.





The oscillograms of Fig 5.1.10 give an example of a 
false commutation failure due to a spurious emer­
gency firing pulse. The bridge voltage (b) drops 
suddenly to the negative because of the generation 
of the set and intercept pulses. • The current 
reference at the inverter side (a) is brought by 
the setting of the time unit to the 0,3 Idn to 
indicate the occurrence of a commutation failure 
and the operating of the relevant detector. No 
command to decrease thg power to the rectifier 
station has been emitted and the DC system current 
remains unchanged despite the presence of some 
oscillations immediately after the occurrence of 
the commutation failure.

.13 Multiple Commutation Failure and Integration 
FASOF (Fast switch off)

If a certain number of valve commutation failures 
take place in a bridge during a period determined 
by the time integrating circuit of Fig. 5.1.11, 
which through the timer G output (Fig. 5.1.5) is 
excited at any commutation failure, a bridge switch- 
off pulse (integration Fasof) is emitted by the 
threshold circuit at the output of the time integra­
tor itself to prevent the DC system from being 
affected by severe' oscillations. - 1£ the. pate df= 
the commutation failures is insufficient to 
generate the tripping signal from the threshold 
circuit, s long-term reposting commutation failure 
may take place. In such a case the system voltage 
oscillations do -not reach considerable * proportions 
because of the damping action of the line reactor.
The possibility of operation of the line protection ** 
which reduces the system current if a polo voltage

* They can jeopardize the inverter operation 
and stress the valve.

** Voltage dependent current reduction protection 
(VDCR)



j Bridge phase current j
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fig. 5.1.10 Fulae coimiiutation failure due bo a 
spurious emergency firing pulse. 
(Recorded at Apdllo station).
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bridge current-

.reference current

f

pole voltage

W W l
bridge voltage

Repetitive commutation failures due to a • 
missing ignition pulse. The oscillations 
on the system arise seriously (recorded 
at Apollo).



drops below certain specified levels can not be 
excluded. It is desirable to take a bridge 
effected'-by a repeating commutation failure diaturbao 
ce, out of operation to avoid a sudden deqrease 
in power transmission. " «

5.1.14 AC System Fault

The oscillograms otVig.5-1.13 recorded at Apollo 
inverter Maition' allow, the behaviour of the various , 
currents and1 .vnverter, when an AC

' system fault such a6 pfTSse, ' or/ghase _to _
ground.-flash-over occurs. Focusing -un'';the- cpro^ut|-^V 
tion failur», feature if  is.possible 
the instant at which phase W of the AC system __ ^  
starts to reach a relevant alteration or distortion, 
all the inverter bridges in operation are affected 
by commutation failure and for the duration of the 
AC disturbance the commutating conditions for each' 
bridge are no longer defined.- For this reason the 
AC network is continually monitored and in the 
event of a disturbance which leads tOfthe alteration 
or distortion of one or more network phases, a • 
signal is emitted by the monitoring circuit to 
change the status of the time, unit F (Fig. 5.].5) 
as soon as possible, so that the protective actions 
described in paragraph 5.1.11 (initiation of bridge 
tripping and preparation for power transmission - 
reduction' will occur.

EC Line Protection I 1 C/ ■■

5.2.1 Causes of Short-circuits- on the DC Lines,,

The protection of the DC line during line short-^
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circuits is of vital importance in assuring the 
continuity of power transmission, thought possibly 
reduced when the rate of flash-over occurrence at 
the short-circuit point of the line exceeds a pre- 
established value. Although the DC line is designed 
to be safe from any flash-over by proper linb-span 
clearances and adequate insulation at the line 
supporting pqipts; the possibility of short-circuits 
due to the presence of trees, insulator pollution 
and bush-fires is very high, expecially in the re­
mote areas through which the lines run and- .where 
efficient inspection and maintenance is not always 
possible. Moreover, weather conditions such as 
high temperature, humidity, and. strong wind 
favour the occurrence of flash-overs when some of 
the aforementioned causes of short-circuit has 
takenvplace (iMmann, 1975).

.2 Basic Principles of Line Protection Design

DC line protection systems are based on tho following . 
principles:

(a) obtaining extinction of flash-over as sbgn as 
it arises to avoid any damage to the line

(b) holding the line with no power flowing long 
enough to permit the deionization of the air : 
surrounding the flash-over line points .

(c) attempting to restart the power flow in such 
a way as to avoid undesirable overvoltages on 
the line ,

(d) decreasing line voltage d’astically after a



certain number of power flow restoration 
attempts (persistent flash-over)

(e) lock-out of the line (power transmission to 
zero), if the number of attempts for line re- 
energization exceeds a predetermined value

V') lock-out of the line if the flash-over is 
"not extinguish in a predetermined period.

Summarising the aborementioned concepts,, a line 
protection system must not only ensure the safety 
of the line against possible short-circuit occur- 
reiYces, but must' also evaluate the severity of 
the line faults by s programmed number of line re- 
energization attempts, end eyen lock-out the iine

Travelling.Waves on the DC Line
^  f' -. . r

The occurrence of a short-circuit at a point of . 
the line^gives rise to transient phenomena, ' . 
manifesting as voltage or current waves propagating 
in both direction from tl̂ e point at which the short- 
circuit occurs.

The propagating waves, also called travelling waves' 
contain an infinity number of cpmpbnents, the 
fundamental of which depends on the line length, 
and the speed of propagation.

From the partial differential -equation related to 
the voltage wave propagation



a solution oan b« obtained which consists of two 
components:

U (x , t)'= ft ("* ^ Vt ) + f/ (x + vt)

Th'a' con^tihent travels with velocity if in the 
"direction of decreasing X; while with the' same 
velocity, f2 is travelling in the direction of
• increasing X. the wave propagating velocity'is 
u function of the distributed line characteristics 
and is given approximately by ’

V = 1 / \ r u T .

,(Jn a line 1 km from the rectifier end (reference 
point 0 km), any travelling wave, originated at the 
distanc. X readies the reference1-'end (rectifier) 
and the inverter end in a time ti'\= x/v and in a 
time t2 = (1 - x) A  respectively. the travelling 
waves, due to their high elpeed (near to the speed 
of light), car! be used to monitor the occurrence 
of short cSrcuita along the line and to provide the 
necessary actions in order to prevent damages to 
the line,

On the occurrence of a short circuit, the line 
current and voltage drops suddenly along the line 
between the fault and the inverter end. The 
current on the line reaches from the rectifier 
end and the line point where the fault occurs 
increesea at a very high rate up to the maximum 
limit allowed by the rectifier current controller, 
(see paragraph 3.0.2).



The Travelling Weve Protection Signal

The rate of line voltage decrease and the rate of 
line current increase at the first instant of 
flashover are the two travelling wavf*. parameters-,, 
sensed and measured by the line protection travel­
ling wave detector at the rectifier side,- This 
detector also converts the two (measured"'gradients 
into appropriate pulses, which are afterwards added 
together to form the travelling wave protection 
signal. This signal is memorized by a digital 
counts.- Rlip-flop, whose change of state causes the 
shut-dowrt -of current transmission by shifting the"̂  
valve firing from the rectifiPt^to the inverter 
mode. The block diagram of tt% Ravelling wave 
detection system in use at Song'ti is shown in 
Fig. 5.2.1.'' ^   ̂ "

Travelling Wave Detector at the Rectiflir

On the occurence of an electrical disturbance on 
the line-, the derivative block A^Fig-' 5.2.1) 
generates.', ths gradient function du/dt related to 
the change of voltage, and at the same time 
block B generetes the gradient function di/dt > 
related to the change of current. "

IF the sum of the two gradients reeches a -threshold 
value, which depends on the number of converters 
in operation, the comparator C changes 
level and triggers the monosteble flip-flerf 
(Fig. 5.2.1 end Tig. 5.2.2).

The threshold value is chosen with the specific 
aim of monitoring the DC line faults and to make





the travelling wave line protection system operating 
only on the occurrence of a line Fault.

Due to the fact that the line voltage changes over 
a wide range and as a result the actual rate of 
the voltage also varies for a fault, the setting 
of t'l > derivative block A would be extremely dif? 
ficul.t» For this reason a corrective circuit 
block D which normalises any voltage value to a 
fixed constant, overcomes the obstacle and allows 
the derivative circuit A to be set at a single rate 
of change. For rate of current changes the norma­
lizing cii'cuit is not necessary because the power 
transmission is normally carried out with current 
close to the rated value. ,.... ^

To ensure correct operation of r.he travelling wave 
detection system, the neyetive changes of.the line 
voltage are also monitored by the operational ampli­
fiers forming tha control block F (Fig. 5.2.1).

The pulse generated by this block end the output 
of the monoatable flip-flop E are combined via an 
AND element to form a signal which changes the 
state, of "the delay-time, element .H. when.'its width 
overrides ..the dei^ time presented by such element. 
Only then is the h  > -lling wave protection signal 
produced by a contbiiitssldn of the voltage negative 
change detector F output end deley-timer H output 
via a final AND olemsf^.. The generation of the 
travelling wave pulPti Its shown in Fig. 5.2.2 by 
the representation of the jjulpes at the various 
blocks outputs .of the TW detector.on the detection 
of an eloctrical pcrturbanco transmitted along the 
line, after the occurrence of a line flash-over.
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Fig. 5.2.2 Wh6n > tH ..a'fectioh pulia
i generated.

Protective Shifting of 
Rectifier End

The travelling wave protection signal is generated 
a few milliseconds after thS occurrence of the line 
flash-over. This time petfiodi'varies with the 
distance of the rectifier station from the point 
where the fault has occUited. The generation of 
the travelling wave prat* -tAOn signal has an 
immediate action an the . .-clifier current controller, 
which is forced to shif" Via firing angle 0( from 
the rated value 16° to :/V. This maans that the 
bridges working in the rre.ifier mode are rapidly 
made to work in the in\," inode, and this favours



the decrease of current within the shortest 
possible time. In 20 - 30 ms after the occur­
rence,! of the line fault, the current reaches' 
zero by the linked operation / of the travelling 
wave protection system and the current controller 
et the rectifier end.

Travelling Wave Protection at the Inverter End

The inverter station is atio provided with a 
travelling weve detector, maijjiy, to monitor and 
count'the number of flash-^srs in a predetermined 
time period and to lock out; the power transmission 
(Jdref = 0 CMD to the rectifier current control) 
when within such a period, .the number, of flash*- 
overs.exceeds a certain limit.

The protection provided by the inverter travelling 
wave detootor is thus restricted to rein force..the 
protective action provided by the rectifier travel­
ling wave detector. The protecting intervention 
by the inverter travelling wave detector is always 
delayed because of the time-lag necesssry for the • 
build-up of the protection signals and their trans­
mission to the rectifier station.

The travelling wave aeipctor at the,.invertor end 
is khua not followed by u re-pnergization system.,
A memory stage which controls a digital counter for 
counting the number of recloae attempts licarried out 
at the rectifier end, and a timer which resets the 
digital counter .after a predetermined 5 minute time 
period, are set by the negative flank of the TW 
protection flank pulse.



Mornover, a digital etofad value representing the 
, number of bridges in operation and the eotual value 
of the lino voltage are compared at any re- 
enorgization attempt to generate a pulse resetting 
the.-ffomory stage; when the attempt is successful.

At the second re-energization attempt the digital 
counter gives e command to trip a bridge.
(Tripping of a bridge at second re-energization 
ettempt is optimal). ..Such tripping in turn 
determines a further bridge trip at the rectifier 
end, So that the subsequent line re-energization 
attempt will be carried out with reduced line volt-

The Re-energization of a DC Lin6 aftiif ■ ■ ''
Fault Occurrences .

The 're-energization of the DC line after a line 
fault is automatically performed by the rectifier.. 
current controller, whiph receives the re- ' /- cp.
energization commands from the travelling wave ^
detector. The re-energizing commands are issued 
after a pre-datermined time from the occurrei'ce of. 
the line fault to allow adequate deionization tif ihdx ! 
air surrounding the flash-over path. Ndmally. the 
time allowed for deionization ia made progressively 
longer for tbs consecutive faults occuring within a • 
defined period of time (5. mln). *
This 5 minute time period has been accepted as the 
maximum time grouping a series of line protection 
events caused by the same line fault. By this period 
of time it is also possible to get an indication of the 
severity of the fault by counting the number of the 
events and observing the rate of

* NOTE : The 5 minute line protection timer at 
Songo and Apollo station is set on the 
generation of the first travelling wave 
protection signal.



their occurrence. Nevertheless, the number of 
reclosurs attempts is limited because of the need 
to avoid stress or severe damage to the line when 
the Fault persists. • The last reclosure attempt 
if not successful, is thus followed by the pro­
tection command-Idref = 0 which causes the lock­
out of .the power transmission (Idref = Q CMD) in 

. a very short time.

5.2.9 Protection and Re-en^rgization at Songo Substation

Fig. 5.'2.3 shows the re-energization control system 
operating at the Songo substation. It consists 
basically of:

(a) the unit memorizing the travelling wave 
protection signals generated by the TW 
detector (store 1) anii by the differential 
current protectionssysteitf (store 3),

(b) the unit for the determination of the actual

(c) the shift-register, which selects and controls 
the setting of the time stages which delay - 
the reclosure attempts for ah appropriate 
deionization.. It also determines the number .. 
of the attempts and generates the, protection 
signals when the line faults re-occur persis­
tently.

From Fig. 5.2.4 where the binary signals at the 
most relevant points of the re-energization 
circuits are sequentially displayed during the 4 
stage re-energization interval, it can be seen

* - ; - . v .
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that the persistence of excitation X1 due to the 
continuous setting of store 1 or 3 rhakbs the re- 
ehergization system work as a 5 pulse ring"gen­
erator within a period of time calculated from the 
instant of the fault occurrence and the setting of 
the last memory element (flip-flop FF5 of the shift- 
register).

The negative flank of the first timing pulse X2 • 
after the first occurrence of the line fault causes 
the integrator output X12 to change sharply from 
high to low by setting the time'stage tl. In 
turn, the integrator output' forces the current 
controller to shift the firing delay angle, from 
£<= 16° to 150° and that causes the rectifier 

bridges to operate in inverter inode so that a "fast 
protective discharge of the lxfij3/£s obtained:'
After a time Tl + T5 in the ; ms such ,J
as calculated for the air , 3i:Vbef9re the
first reclosure attempt takt. ./the blocking
signal XII changes from high" to/low and consequently 
the integrator output XlZ'lncreSsps firstly-as an 
exponential function (20-ms), and^then as a ramp.
If the re-energizing ramp continues to rise beyond 
a certain limit, the comparator output X1.3 produces 
a T6 wide pulse, which through the logic input of 
the shift-register and a delay timer, causes the. 
generation of a new timing pulse X2 (see Fig. 5.2.3).

Therefore,.a-newvreclosure attempt will.take place 
on the expiring of a longer deionization, time 
given by the sum of Tl + T2 + T5 (340 ms), ■ The 
other 2 attempts after the deionization times 
Tl + T2 +T3 + T5 (440 ms) end Tl + T2 + T3 +|T4 
+ T5 (540 ms) respectively, aro allowed to t^<e 
place, if at each attempt the ramp generated by



the integrator reaches a threshold value eo as to 
get a new pulse at the output of the subsequent 
comparator stage.

Successful and Unsuccessful Reclosure Attempts'

The re-energization command XI2 given by the inter- 
grator as an exponential function, followed by the 
ramp is linearized by the smoothing action of the 
current controller. As shown in Fig.. 5.2.5, at 
the re-energization attempts the increase of the 
system current is consequent Upon the reference 
current increased at two different rates of change.

The first rate (990 A in 20 ms) serves to pass very 
quickly the region of intermittent currents and 
the second ( 2 250 A in 126 ms) guarantees a smooth 
line re-energization and a restrained voltage over­
shooting.

The criteria adopted to establish whether or not 
re-energization attempt is successful is based on 
the measurement of the line voltage during the re­
energizing current time. If in that time the line 
voltage reaches 75% of its final value, the re- 
closure attempt is considered successful and the 
comparator of the line voltage detector, shown in 
Fig. 5.2.3, emitts a resetting pulse to the stores 
1 and 3. Consequently the excitation X1 disappears 
and the restarting circuit is prevented from carry­
ing out a new reclosure attempt.

The oscillograms of line voltage Ud, DC current Id .. 
and reference current (Idref) during a line fault





occurrence, are shown in Fig. 5.2.6. In the 
same Fig. the protective action, the line de­
ionization time and a successful re-energization 
attempt are indicated by the behaviour of the pole 
voltage as well as by the reference current 
oscillograms (Zamco, TSE. 1979b).

Differential Protection

The line differential protection system complements the pro­
tective action performed by the TW line protection detector.

More precisely, the differential protection system intervenes 
to protect tho line if the TW detector, which responds 
rapidly to dynamic phenomena, does not carry out its protec­
tive function. The differential protection acts only otV 
steady conditions by continuously comparing the current 
injected into the line at the sending end with that at the 
receiving end.

5.3.1 Differential Protection at the Rectifier and 
Inverter Stations

At the rectifier end the representative value of 
current measured at the opposite station and trans­
mitted by means of a PIC system, is compared with 
the local representative value of the injected 
current, which is delayed by a slope limiter so as 
to compensate the time necessary for the trans­
mission of signals from one station to the other. 
(Fig. 5.3.1).

The slope limiter also provides a smooth current 
rate of change during its dynamic behaviour after 
the line Fault occurrence,







The difference between currents measured at two 
stations is monitored by a 3-point controller (Fig. 
5.3.2) which can geneiate two signals according to 
the positive or negative sign of the current difference. 
Because the condition of a negative current difference 
implies the current at the inverter end is bigger 
than the current at rectifier end, (which is very 
improbable), only the positive difference signal is 
taken in consideration. Moreover the positive 
difference must satisfy the relationship Id1 - Id2 _> Ig, 
where Ig is a limit value.

The aforementioned difference signal controls the 
first of two delay stages in series T1 and T2 
through an AND gate. After a total time delay of 
220 ms, the output signal of the second stage is 
memorized by storage 3 at the input of the re­
energizing circuit (Fig. 5.2.3), while storage 2 
holds the TW protection signal to excite the same 
circuit. Un the occurrence of a line ahort 
circuit therefore both storages ere loaded at diffe­
rent tinea (storage 1 before storage 3), and the 

re-energization attempt, if succesaful, will reset 
both of them.

The differential protection system at the inverter 
station is not substantially different. The 
slope limiter is replaced by an integrator for 
smoothing the transients. The delay times of the 
timing stages are set s little longer (250 ms) and 
the resetting of the line protection storages will 
take place at any successful re-energization attempt.
The Idref = 0 HMD is issued by. the final stage of the 
digital counter when th» last attempt to re­
energize the line fails (Zeinco TSE, 1979;.





Line Faults Affecting DC Power Transmission on Bipolar 
and Monopolar Operation

When b line fault occurs the pole maximum power capability 
(Chapter 3, paragraph 7.1 ) is reduced to zero by the 
protective action of the TW or the differential protection 
system. An important consequence of this is the rise of 
the AC tius-bar frequency. The oscillograms of Fig. 5.2.5, 
show a steady rise of AC frequency, which deviates at 
around 0,6 Hz from its nominal value after the deionization., 
tima and the first unsuccessful re-energization attempt.
If the DC transmission-syatem is in bipolar mode and the 
two poles are working at maximum power capability, the 
module of MPC (Master Power Control., Chapter ), paragraph 
7.1) vesponsibile for distributing the power between the 

poles cannot transfer part of tho rejected power to the 
healthy pole. When a line fault occurs, therefore, 
provisions have been made to ttip-eume generators.if the 
first re-energization attempt fails and the AC frequency 
increases beyond a certain limit. The frequency at the 
rectifier station is not expected to rise sufficiently to 
trip the AC filter if the fault on the line is cleared at 
the first attempt. If not cleared at the first attempt 
the AC filters at rectifier end will trip, causing a IDS 
drop of the line voltage and consequently a reduction of 
the same order of the power tranamitttid by the healthy, 
pole. Due to the voltage drop described'1 in paragraph.3.4 
of Chapter 3, the inverter control takes over to regulate 
the current while the current being transmitted is less 
than the demanded current minus the current margin. If 
the fault persists, the AC frequency continues to fiae up 
to 57 Hz, (Fig. 5.2.5) and is prevented from rising further, 
by the tripping of generators. Before the frequency 
reaches the maximum limit sllowed, e command to trip the 
bua-coupler is emitted by the MHC to set the AC



frequency associated with the healthy pole back to its 
nominal value.

After the unhealthy pole has been locked out (power 
transmission-to zero) on the failing of the le'st attempt, 
the power transmission oh the healthy:;pole can be restored 
to its permissible maximum as soon as the,/remaining gene- 
•rators are re-asynchronized and the AC filter operation 
restored. ^

If the healthy pole is carrying less than the maximum 
permissible odrrent, the MFC Module responsible for distribu­
ting the power causes an immediate, increase of the power 
on the healthy pole up to its maximum transmission caps— .
1 bility. This delays the1 AC frW##noy from reaching a*'" 
value where the tripping of oorife' generator capnot' be 
avoiobd. °

It is possible that there is such a surplus of power 
generation at the beginning of the line fault that the 
restraint on the increasing of AC frequency by rapidly 
decreasing the firing angle and a later decr&ase of the 
power generation when the AC frequency has deviated 0,3 Hz 
from its nominal value, is :hot sufficient to avoid'the AC 
filter tripping and th e  subsequent decrease of power 
transmission. Therefore all the foregoing processes in 
relation to the maximum permissible current transmission 
Blight take place (Calverley, 1972).

In monopolar operation, a persistent line fault.leads to 
a total shut-down if power transmission. During the re-, 
energization attempt, the trip of the AC filter and sub­
sequent drop of the line voltage may help restoration of 
power transmission because th e  re-energization attempts' 
are ca T ied  out at lower line voltage. Oh the other hand,



some generator must be tripped in order to prevent a 
black-out of the complete rectifier station. This is 
because the auxiliary motors can trip due to overfrequency.

Dynamic Responses at the Generating Plant and Snntrol 
System for a 5055 Load Rejection

Fig. 5.5.1 shows the behaviour of typical generating 
plant functions in connection with a'50$ load rejection 
due to a persistent DC line fault when powsr is transmitted 
in bipolar mode and at the maximum permissible load. ‘At 
the instant t = 0, due to the load rejection, the generator 
output decreases very steeply while the AC frequency 
(curve fJ  starts to rise as a result of the kinetic energy 
increase (turbines speed up depending on the percentage of 
load reduction associated with each generating unit).
A command is emitted at 500 ms by the MSC to increase the 
DC power transmission up to 1,25 J 
in order to restrain the frequenc) 
uppermost limit of 57,7 Hz in 4.sec. A MPC iiiodyle:, , 
failing of the first re-enerc 
the necessity and the number of c 
to limit the frequency rise ? 
generating power to meet the

The command to trip some c 
the AC frequency to vary t
when the frequency crosses it on its way to its 1 
the generator output moves suddenly to : 
that value.for 1 second before it 1 
That kind of discontinuity in p 
plained because of the fact t 
ordination between the control of t 
application of the .IIVDC overload on the healthy pole during 
5(1% load rejection. Moreover, the frequency decreases at



P = 1,25!.lfi

rncoucicr

Fig. 5.5.1 Generating plant response for 
50% load rejection.



a very high rate after having reached its peak value and 
that might cause the frequency controller to command load 
reduction. In other words," the control of the frequency 
by the MfC is not adequately consistent with the actions 

I taken to decrease the excess of kinetic power when a 50% 
load rejection takes place, 
have been suggested in order t 
discontinuity. "Freezing" the 
value of"the frequency and bve 
as to create condition? for a smooth decrease 
without undershoot when f O  0 and df/dt > 0 we 
as a solution to the problem, but.finally it v 
to overcome the problem by the 
tances tn absorb and dissipate the exc 
occurrence of load rejection. (The d 
the control system for loading them wh 
ready been designed but not yet put in

Fig. 1(1 shows the network AC frequency and the imported 
power at the inverter end when a 50S5 load rejection occurs.

Valve Protection

5.6,1 Valve Firing Monitoring

The valves can carry current only for s limited 
period of time, because after a certain extended 
period of conduction they would be permanently 
damaged.

It is of vital importance therefore to monitor 
them continuously and also to maintain under 
control all the possible conditions which could 
cause the valves to conduct longer than their
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permissible conducting period uf' time,

The missing oF a Firing pulse Can cause prolonged 
conduction OF a valve and also commutation Failure 
with the consequences discdese^ in the related 
paragraphs. A control system ivalve Firing 
monitoring) is'provided just to munitur each 
Fifing pulse From the point,.. ciF its generation to 
the valve gate through the intermediate devices.
Should the Firing pulse disappear or-Fail to 
reach the valve,gate, the bridge with the affected 
valve should be quickly shut-down by the monitoring 
system. i! v

DiFFerential and 9vercuri'ent Protection

A diFFcrontial current detecting unit,and un 
overcurrent detecting unit are used td protect the 
valves from damaging overloads conseque 
overs occurring, within the bridge «
8fi the line, 'he differential, current detecting 
unit monitors the diFferenofe between u burden voltage* 
representative oF the bridge currents Flowing in 
the' three-phase transformer: Feeders and the voltage 
image of the current Flowing in the DC line.:

If the difference between the two voltage values 
exceedesi

o) 20% of tho rated DC current for more than 20 
ms a fast bridge switching off (FASOF) is 
initiated

' NOTC: The voltage value repi'oeeniaiivo of the
bridge currents is obtained by rectiFication 
uf each Feeder current and by summating 
the three products uf rectiFication.

lent oiv flash- 
close by



b) 00% of the rated DC current and at the same 
time the voltage representing the bridge, 
currents reaches a vnlue 1.2 times the DC 
rated current, instantaneous tripping of the 
overcurrent diverters*j).8 initiated, and the 
advance angle ̂  is adjusted to J0n [ct = 150° 
at rectifier end) for the inverter whose 
valves have to be protected from internal 
§hort circuits or from; short circuits 
within the station range between transformers 
and line smoothing reactor.

The difference 20% of the Dt rated current represents 
the threshold value which h£s been chosen to cause 
the differential current .protection operating in 
the event the bridge surge Arresters foil to rooeal 
and the danger of their explosiun may arise (less 
serious fault).

The difference 80% of the D£ rated current inter­
locked with the bridge current representation 
bigger than 1.2 times of DO rated current is 
normally reached for very serious fault ( as those 
abovementioned). In this event the differential 
protection operates the ovgrcurrent diverters to 
divert the bridge currents into the circuit formed 
by the secondary coils of bridge transformer and 
the transformer feeders short-circuited by the 
overcurrent diverter closure. Moreover a signal 
to change-over (see Tig. 4.19 ) to 5= 30° :at the 
inverter (c< = 150° at rectifier) is issued in 
order to prevent any current f'vuin circultitiny in 
the valves.

The avercurront detecting units back up the

* Se, paragraph 5.6.2 - Differential end overcur- 
rent protection.



differential current protection? it operates the 
overcurrent divertera and edjueta the firing angle 
when the representative value of the bridge currents 
reaches a setting value of 3.2 times Î Ni which 
is the maximum current to be expected on the occur­
rence of a short circuit at the beginning of the 
DC line. 1 > '



SUS#IARY AND CONCLUSION

Commufcstion failures at the inverter bridge and line 
faults are the most frequent faults likely to occur on 
e DC system transmission end their occurrence may 
compromise the stability of the system, disrupt the flow 
of the power and endanger very important equipment of the 
plant as the valves and the line. for these reasons 
they, and the protective devices used to prevent further 
and undesiderable effects on the system, have been 
discussed in greater detail.

Commutation failure of a bridge is normally a consequence 
of the distortion or a decrease in the AC system voltage 
(external fault). If the AC system voltage decreases 
at a. slew rater the ̂ contEoilec--and.-tBp-changei>=contro2.1eE 
(see Chapter 4) will be able to avoid commutation failure 
by increasing^in order to keep ̂ at rated value. The 
AC voltage drops at inverter busbar however ure in most 
of the:cases the result of faults and disturbances on 
the AC network, and they take place iv i (ih 7,n - microseconds. 
When very ia^t changes in the AC voltage occur,it is 
still possible for the controller to react quickly to 
the decrease of ̂ , because the speed of its action is 
sensibly increased by the rate of increase of direct 
current and the rate of decrease of AC-.busbar voltage 
(see Chapter 4, paragraph 3 ). In case of severe 
faults on the AC network the effectivness of the 
controller in combatting the occurrence of commutation 
failure is in doubt, and ycannot be prevented from 
falling below 9°. Protection systems therefore have 
been developed (commutation failure detectors), which 
comes into operation whenever a commutation failure 
signal has been detected. At the Apollo inverter, the 
actions performed by the commutation failure detector
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a) the issue of set and intercept pulses to
remove the short-circuit across the bridge

b) the setting of^to 60° in the bridge affected
by commutation foilura

c) the current transmission on the related pole
is reduced to'0,3-

d) the bridge is taken out of operation in case of
repetitive commutation failure occurrences or 
when the duration of the disturbance in the AC 
system overrides a certain limit.

DC line faults are the most likely faults to occur on a 
DC system where the- converter stations are connected by 
overhead lines.

The lines connecting Songo to Apollo were frequently 
effected by this type of fault. During a period of 
only about g year (.1979) when power was transmitted 
partly at - 400 kV and partly at - 533 kV, 300 flash- 
overs were recorded. • This emphaaises the importance 
of the part of the control,equipment which protects the 
line. The action of the line prtihection circuitry 
always leads to the interruption of the power flow, 
which may be resumed after a certain number of re- 
energizetion attempts, if the fault'is cleared.
Clearance of a line fault is obtained firstly by shifting 
the rectifier firing angle1 to extinguish the fault 
current, and secondly by maintaining the "null" power 
condition for certain times to disperse the ionised air 
before assuming operation.
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CHAPTER 6

CONCLUSION

6.1 General

The objective of this work was to cojlect the fundamental 
principles and the problems related, to a HVDfi control system 
and to organize them in a comprehensive, logical and concise 

' structure, r-in. order to facilitate the understanding of 
important aspects of DC transmission. . "

f f  'The subject 'matter has been divided into 2 central chapters 
covering ,

a).' the general principles and the problems to be overcame 
by the automatic c&ntrol, considering the DC transmission

1 system as a whole "

b).1 the performance of the automatic control in connection 
with the conversion process

c). the most common faults affecting a DC transmission 
system and the protection devices used.

Therefore the complex control system of d'hVDC transmission 
link has been discussed and presented according to a logical 
‘sequence in which the various actions of the control system 
are motivated.

The purpose of chapter 2 is to provide the background 
knowledge necessary for a proper understanding of the aims 
and the role of automatic control in DC power transmission.



The formulas and their (privation have been reduced to 
the essential minimum, because, although of importance, they 
are not the purpose of this work. The intent to make the 
discussion concise has inevitably led to a limited and 
abbreviated ynalysi^' of some aspects of the HVDC control 
which Really deserve a, more comprehensive treatment.

TWDC control1 and protection

from discussion in '-"the preceding chapters it 
should be clear that in a HVDC transmission sy­
stem gate contr'M of the converter valves is 
used not only ^or the conversion of power from 
AC to DC or viceversa,‘but alsoufor' the control 
of DC power transmission and for clearing faults, 
in the converters (commutation failure and short 
circuits) and on the transmission line. Moreover 
the valve gate control is used to delay (rectifi­
cation) or to anticipate (inversion) the ignition 
of the valves, but, after conduction "has begun, 
cannot- stop it (see paragraph 2.2).
The conduction of the. valve can cease-- only 
through the action of an external circu'it, which 
causes a reverse voltage across the, valve that is 
to be extinguished.
The circuit exterpal to the conducting valve is 
formed by the next'valve to be turned on and the 
one which has to conduct for another 1/6 of the 
firing cycle. In other words, the turning.on of 
thfj-next valve changes the voltage balance on the 
bridge so as to permit the turning off of the val­
ve to be extinguished.
The, ignition of the valve is carried out by trigge­



ring liheir gates with long duration pulses, al­
lowing a continuous series circuit through two 
valves in each bridge and thereby ensuring conti­
nuous- power transmission.
The power transmission is.controlled so that the 
current <is held constant while the voltage varies 
or the voltage is held constant while current va­
ries. These ,operations are.performed by two items 
of control equipments the constant-current control­
ler located at the rectifier station and the con­
stant-extinct ion angle,controller at the inverter 
station.
The constant-current controller measures the di­
rect current, compares it with a set value (re­
ference current) and amplifies the difference 
between the two values of current to produce a 
functions.! error.
This error through a phase-shift circuit co"". re.As 
the ignition angle (delay angle e() of the 
fier valves so as to hold the transmitted cur'.-' 
rent constant.
The constant-extinction-angle controller main­
tains the line voltage constant. To tjhieve this , _ 
the constant-extinction angle controller .regulates 
the ^  extinction angle at a predetermined .value 
and rapidly restores it to the desired value when 
the network voltage changes.
To avoid the current and the power transmission 
dropping to zero in case of decreases of alterna­
ting voltage or due to the loss of some bridge 
at the rectifier end, the inverter control system 
is 'also equipped with a fast current controller, 
set at lower current than the rectifier controller.
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ontroller at the inverter end takes 
over the current control when the system current 
drops by about 15% of the rated current; the vol­
tage control in this case is performed by the 
rectifier current controller.
The characteristic curves of a HVDC system trans­
mission are deduced by the combined actions of 
the current controllers and the constant-extin- 
ction angle controller. :
The gate control of the valves is taken over by 
several protective devices during transients and 
on the occurren'ce of faults which may endanger the' 
apparatus and plant or hinder a regular transmis- •' 
sion of DC power. Important aspects of DC prote­
ction and the related valve gate control have been 
discussed in chapter 5.

Prior to the Cahtra Baasa-Apollo scheme, HVDC schemes did 
not use digital techniques for the solution of problems 
related to automatic control. Many requirements for HVDC 
converter control were met by the use of new digitals 
techniques at the converter stations at Songo and Apollo.
This simplified the converter control circuitry, and has 
greatly reduced the influence of inherent nois'e and external 
disturbances on the firing and monitoring signals. Moreover, 
the use of this technique provides a fast response of-the 
basic controls, and the performance of fixed logic together 
with well defined waveforms and firing make testing and fault 
finding easy. Other parts .of the converter control / however, 
make extensive use of electromagnetic logic which is affected 
by sir pollution and elactro-chemical deterioration. •'



Other feature of the converter control at the Songo and 
Apollo stations is the long, distance which the several control, 
protection and monitoring signals have to.travel before 
reaching their destinations. This compromises the compactness 
of the converter control circuit, and while the use of 
different signal fcrahsfer techniques (pulse transformers, 
isolating amplifiers, Screened cables and fibre optics) 
protect the signals from,external interference, they also 
cause distortion and alteration of the signals. Expensive 
outdoor processors are required to re-shape and re-phsse 
the distorted signals. The long distances also reduce the 
effectiveness of the monitoring channels, sometimes causing 
problems with the determination and localisation of particular 
outdoor faults.

A possible further development of the Songo-Apollo automatic 
control system would be the replacement of the analogue, 
circuits for the computation of error functions, eg. the 
difference between set and system direct current (current 
controllers) and between set and actual values (y controllers) 
with digital circuits. The latter provide firing angle 
correction by first converting the error function into digital 
form and then by processing it in conjunction with the clock 
frequency.

The micro-processor and recent developments in micro­
processor technology will have a profound influence on 
control systems of future HVDC schemes, and by their appli­
cation, many of the aforementioned problems associated 
with the Songo-Apollo control system will be overcome.
Automatic control systems using micro-processors for firing 
angle correction, and for the generation of protection 
signals, in conjunction with a purely fibre optic signal 
transmission technique, have already been designed. A 
large part of this design work was contributed by the 
University of Waterloo (Ontario, Canada).



The bold Cahors Basaa-Apollo hydroelectric scheme and the 
Songo-Apollo OC transmission aytem, despite the adverse 
effect that the unstable political situation in Mozambique 
has had on its performance, is a milestone In the not so 
well knuwn or documented field of' OC power trabpwission.
The behaviour of the system is very useful for the formation 
of operating, control and protection philosophies which could 
be applied to future schemes.



BIBLIOGRAPHY

fidameon C. .and Hingorani N.G. Control of HVDC converters, 
Direct current magazine, London, vol. 7, June 1962, 
pp. 148r155. = • ' x|Adamson, C.; Hingorani N.G. Higf̂  voltage direct current 
power transmission, London: Garravtay, 1T69, chapters 4 and
5, pp. 49-84.

Ainsworth, J.D. Martin, G.J.'G. j Principles of control for 
HVDC tsanamission, I.E.E. Conference publication no. 22,
High Voltage DC Trartamission, Manchester, Sept. 1966.

■ :86Cker-, -tr7 i-=HGGnhstebt^,-^^^asler,,Povie„LControti8r. ffir 
the Joint Operation of Hydro Station and HVDC plant Cahora 
BaSsa, Cigre report oii the equipment of the Cahora BsSsa- 
Apollo scheme, Johannesburg, October 1975, pp. 1-8.

Brener, G.D. et at. The Dynamic performance of AC systems 
With HVDC transmission links, Cig^o International conference 
on large HV electric system', Paris! August 1976, pp. 6.

Carroll, P.; Krause, P.O. Stability analysis of the DC 
power system, IEEE Transactions on ip.A.E.S,, vol. 89, 
no. 6, July/August 1970, pp. 111̂ -11118.

Chervonenkis, Ys.M. Power transmission by direct current, 
1st ed. Moscow? translated by W. Katier end published by the 
Israel program for scientific translation, 1963.

Engstrtim, P.G. Operation and control of HVDC transmission 
IEEE Transaction oh P.A.E.S, vol. B3j January 1964, pp. 71-72.



Forsell, H. The Gotland DC ‘link: the grid control and 
regulation equipment, Direct current magazine, London,
June and December 1955, vol. 2, pp. 109*114 and 166-170.

Preris, L.l. 'and Gory, B.O. Control tif power flow in a 
DC link, Direot current magazine, London, vol. 5,
December 1960, pp. 72-74.

Goosen, P.V.; Seeker, W. Control and protection system, I' 
Cigre report on the equipment oF the Lahore Basaa-Apollo  ̂
scheme,: Johannesburg, 0ct66er 1975, pp. 1-9.

Haywood, R.W.; Patterson, WiA. Application of control on 
the Eel river and Nelsoi river HVDC ecliemes to exchange 
operation tif interconnected systems, Cigre, International 
conference on large HV electric systems, Paris, August 1976,

Hingorani, N.G. and'Chadwick, P.1 A hew constant extinction 
angle control for AC/DC/AC station converters IEEE Transaction 
on P.A.E.S., vol. 87, March 1966, pp. 866-872.

Iliceto, F. DC link and AC networks combined power contr^'F 
requirements, Direct current magazine^ London, Vol.9, ' ./
May 1964, pp. 37-39.

Jotten, R. The control of HVDC systems, Cigre report on 
the progress of working group 14-02, Paris 1975, pp. W .  " '

Kanngieaser, K.W.; A.M. de Ornelaa; E.F. Raynham,
Commissioning oF the Cahora Basse-Apollo HVDC scheme, Paris: •,, 
Cigre - report, group 14, 1978, pp. 3-4.

Kapoor, B.C. ; Chin, W.; Zimmerman, I..A. DC protection,
Cigre International conference on large HV electric systems, 
Paris, August 1976, pp. 9,



Lainir, U. Control aystema, report to C.l.C.R.E. study 
committee no. 10, June 1959, Direct current magazine,
London, vol. A, September 1959, pp. 162-163.

Machida, T.; etal. A method of Automatic frequency ratio 
control by a DC eyst-em IlEE Transaction on P.A.E.S., vol.
March 1967, vol. 86, pp. 263-267.

Machida, T,; Yashi.de, Y. A method to detect the deionization 
margin and to prevent the commutation failure of an inverter 
for DC transmission, IEEE Transaction, an P.A.E.S., vol. 86, 
March 1967, pp.'259-262.

Martensson, H.and Skoglund B. Present and future status 
of HVDC Transmission, IEEE. Publication 68 C57, E.H.f, 
Conference held in Montreal, 1968.

Yamada, T. efc.al. System stability and control-proteotion 
system of AC/OC link, C.I.*C.R.E. report 325, 1966.

Watenabe, A.; Ogata, F. et al. Operating characteristics 
of HVDC transmission system with equidistant pulse phsse 
control, Cigre Meeting of Study Committee-14, Johannesburg, 
October 1975, pp. 1-22.





Author  Francocci Enrico 

Name of thesis Automatic Control For A Hvdc Transmission Scheme.  1986 
 
 

PUBLISHER: 
University of the Witwatersrand, Johannesburg 

©2013 
 

LEGAL NOTICES: 
 

Copyright Notice: All materials on the Un i ve r s i t y  o f  the  Wi twa te r s rand ,  Johannesbu rg  L ib ra ry  website 
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise 
published in any format, without the prior written permission of the copyright owner. 

 

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you 
may download material (one machine readable copy and one print copy per page) for your personal and/or 
educational non-commercial use only. 

 

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any 
and all liability for any errors in or omissions from the information on the Library website.  

 


