éoﬁtrollet andt a further deviation angle
caused. by Ai"

@

“That means: 'ﬁmnx + CEymin Ai)‘,,,

Equetion. () is only velid vp to cheag} it

61 max (= - 1,7 V), because as_stal
previcusly, {hex dontrol system is Aeplacem
, by the open loop Id controller, if 81 -max
is net limited. i o

Jhus as the voltsge control.output i blocked
to £} max and JBin thrnugh potentioneter
“settings, two Sthk t are glso.
used at the vultag tro] nul:put to sLop
pessible incressing &% ’
firing angle B beyond ARgle Bse” Bnd 300
respectively on the varision of the error
funckidn bﬁ w%c'\ dx.recu “Yine disturbances
oocur,

Genoration and Sychronization u‘F the Firing Pulses
The generation of the firing pulses is coreied out

by & stabilized generatur which converts a train

of 300 Hz ramp pulses from a primary generatar -«

into a train of 300 Hz rectanguler pulses. (Fig, 4. 10‘
4.01).  Since the primary 300 Hz Tamp generator ig
synchronized with the AC network: yfs. rectar\gulm‘
pulaes will alao be synchronized w18 ¥ (Escnm), fete
work.  The synchronization aflows the firing

pulses to be conveyed to the valve gates with an
advance angleg which, as propurtionsl to the vpli-
age gontra} function &, represents the actual

firing angle, computed by Lhe real time processor.
{Sec paragraph 4.2).




Tu thyropulse

from voltage coritrol

Fig. 4.1

&1me diagrem of tha pulse generator with
&f = 0 (Zemco TSE, 1979)




The f.é_ring pulse generstor iz followed by a 6

pulse ving eohvertsr (Fig. 4.12) which re-shapes

the pulses and allncates each to one of the 6 paths
tsee paragreph 4.3.4) used For the Lransfer of the
firing pulses to the valve gateg. . -In this manner
the & bridge valves sre fﬁred in the required sequep-
cs end with the proper sdvanced sngle }3 in rela-
tion to the voltage across them. “

{a) Synchponizetion and firing levels

THe synehironization of the firing pulses with
the AC ayatem is obtained by clanpihg the 300
Hz remp pulses at. the netwark line-tp-line
replica period.

o
In other wards each firing pulse from the gene-
rator is made ‘Gvincident: in time with the
positive to negative reversing point of the
line-to-1ine voltage, which s present atross
the valve when the firing should accur:

The ‘309 Hz pulges aie therefore syrichronized
s;;stam voltage oply when the bridge
e switched an, that 3s, blsber
d.* - Moreover it nust be emphasised
g firing angle range for an inverter
of A;;ollo vary from 85° ta 30° the syn~.:
chronized ulses are always shifted by the real
time Ao khe afi d angle
range.

*  The synchronizing voltages are detected by the veltage
transformera located betwesn, the busbar links and the
bridge breaker.
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For instence when the bridge is ready to be
awitched on, the output of the 909 rate of
change circuit woll add.s ficing level (5 V)
ko the 300 Hz ramp generator output (see

Fig: 4.11), Suth.a firing level noves the
Eynchranized pulses to the 90° degree value
firing angle sihce the bridge is gut of opera-
tidh and the pulses are prevented from reaching
the valves.

When the bridge is owitched on,the firing level
will decreese from the 907 firing angle as the
firing angle is brought to its minimum by the
pragessors.  The firing levels are detérmined
&€ #hy " inBtant By the varying value of the
voltage control function £§«

Pulses Generator end Firiné Pulse Shifting

The basic circuil of the 300 Hz generator is
given in Fig. 4.10.. As stated in paragraph 4.
3.3(u), the valve firing pulses are synchronized
with the AC 'system when the bridge is ready
to be suitched on. Thia'sixuatibn is.clesrly
preaented by the responss. Bigl\ls of the pulse
generator doring the inﬁadval at which &f = 0.
At instant &, Ep changes value and causes the
pulse angle shifting indicated in Flg. 4.13

as A)a (Zameo TSE, 1979b).

The Firing Pulse and the By-pass Logic

Two logic circuits identical to the one shawn in

Fig. 4.4 provide the pathe to the firing pulses to
the positive and negative hridge valves respectively.#
The selection of the firing pulses to be sent to

s NDVE: Refer to Fig. 4.17. The pesitive and
negatlve bridge velves ere represented in
comnutating group 1 ant 11 respectively.
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Fig. 4.13  Response of the pulsa, qenerator by input .
control valbage &p = f{t).
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the valves. i ronsistent with the actual electrical
condition 61 the'bridge.’ In the: steady state
therefore, the firing-pulse logic allows only the

_ passage of the firing pulses controlled by the X
extinetion angle regulator or the inverter current
controller.  During the trans;ents the pulses from
the by-pass generator {see paregx‘aph 4.5) are
logically selzcted to Fire, the available pair of
bridge valves to by-pass the o systen current
during the opening of ‘the by~pass bresker, snd thus
ta preseive-it from damsglng flashuverz (see papa-
graph 4.5).
The hy-pass lugxc {Fig. 4,14) -generates the pulse

(see paragra‘w" 4.5}, whmh limits the erid of

provides the pulses.from the 100 Hz génerator to
the 6 firing paths: of the firing logic to by-pass
the DC currént through the valves on the closing
of the by-pass breaker (sve ﬁaragrgph 4.5),

on the of valve' ct ion failure .
(see Chapter 5). the nowmial firing pulses from the
pulse generator are blocked to.allow the free
passage of the protecting intercept and set pulses
-generated by the commulatiqn‘failure detector.:

Finally the firing pulse.logic transmits a start, °
and a stop pulse to the outdeor contrel tircuit.
These two pulsed are formed by splitting the ori-
ginary Firing pulse.  (The skop. 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-pass
operations by Firing it with &« 100 Hz pulses
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4.3.5 Trsnié\ducgr D}‘K Control Loop Feed-back

o

The schematic diagram of Fig. 4.15 shows the feed-
back bidek of Ehe  extinetion angle control
(transducer) loop,

The Feqd:’.]apk circuit performs the Following
functiof i '

(a) - measurement of the 'angle of gach valve
during a commutation cycle

(b) conversion of the 6 indiVidualK extinction
.angles’ into ptoportional voltages
« :

starage of the 6 X angle vonverted voltages
An the memory

selestion,of the minimdm voltage conveirted
“to"form the Y. actusl at the input of the X>
copkraller, (paragraph 4% 3.2).. '

Heasurement and conversion of the  sngles. are
carried oot By two;iqt’égratnrs symmetrically locsﬁe:z
on the trensducer circuit eo as to receive and mea-

sure only the pulses related to the superior &nd-*
the inferior commutating groupstof valves respect-~
ively (signal Uy snd Uy in.Fig. 4.15 and 42167 -
The 6 pulses (UE and U9) are- passed by ¢ OR gate
which:collects the 120° sheped K pulses from the .
bistable flip-flops A, B end C. - Sipce the intsrval -
between the curremt and voltage pulses torresporigs
to the extinction angle of the rospective valve;
the Y pulses exc formed in conjunction with the
setting and resetting of the sForementioned bistable
3

* . For the superior and inferior comtating groups
reFer\ﬂ:u Fig. 4.17.
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Fig. 4.16  Forming Y setual velue by collecting the
6 extinctlon angles




flip-flops on the arrival of current énd and
voltage zero crossing pulses at any bridge valve
commutation (Fig, 4.17).

Fig. 4.17 shaws also the instants t, and ti} at
whiich the current "End"/and the "Voltege zero

crassing! pulses ave originated by electronic
detectors installed at the measuring section of
each valve. The mEaEq‘l‘ing intergrators ure fed
by, Eha Kpulse gignala ‘desplaced by 3, as shown
in Fig. 4.15,

At each zero crossing of the commutating voltage,
when the input signal of ane of the two -integrators.
drops to zero and the integrdtiohis' completad, new
information becomes available for the other inte-
grator, which 3‘&511 stores the information from the
preceding messurement.  The voltage pulses of one
comutating group are combihed by an OR gate, and
are uged te'clear ‘the intergrater of the other
commutating greup to allow the storage of the new
information (sge Fig. 475 and 4.16). " From

Fig. &.16 it may be deduced that the.information is
stored by the sssociated integrator for an interval
of /3. The combinetien of the two integrator
outputs through a msxim{gm ‘select:ar is offered to
the interconnected inpuks of 6 saiple and hold
elements; and esch stores the veltage (which is
proportional to the respective extinction angle)
for one complete cyele, -

Only the smaliest output sigral of the 6 sample and
hold elements is chosen by a further minimum selector
and asuch signal is given as the actual Xtu one of
the Kcontroller comparatar input.
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The selection of the mihimum X engures the reliabil-
ity of the inverfer operstion and the treneient
regponse of bhe extinupiun shgle control loop.

" Open Control Luops and Firdng Control Rengos

Tha firing angle control munt be oble to shift the firing
advance engle (3 from'a maximum of 85% to a minimum of 30°.
The firing advance pngle,ﬁ ia limited to 85° instead of |
90° to prevent the inverter bridge from falling into the
rectifier mode of oparation when the angle 5 hae to be
largely incremsed st the inverter DC line. side for
obtaining a low voltage.

The firing contrel from B5° to. 30° is performed by open-
control loops which take over .the Firing contral from the
clogad gontrol leop ( 6 extinetion contrel} during the
transients and for pyotection pupposes during Faulty or
abnormal. working conditions.® Ths\open control loops
operate by the intefsentien an the fiing control of:

¢

(a) 90° Rate of Change-Limjter (Fig. 4.18)

This, in tonjunction with the switehing on or off
processes of the invefter, provides a8 smooth dee-
ranaing or increasing rospectively of the firing
advance angle ﬁ {transient control) in order to
avold voltege osclllations and consequent system
inskability. (See paragreph 4.6).

() Two Pole Current Controllers

Each of these commanda tho Firing of sl pole bridges
when the DC current drops froin its rated value by a
quantity bigger than the ourrent margin {see pera~
gtaph 3.4}, The current margin has been chosen
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around 10% of the estabiished reted current.
A Commutation Failure Dptecter
Thig in}:ervcnea to shift the advance firing angle

. Eb;ﬂ)’ on the occurrence of a valve commutation
failure (see paragreph 5.1.7)

Bridge Tripping Log‘ia Circuit

_Thia sends @ comisnd to shift the advance firing,

angle'to 150° on"the emargency switoh bff (SOF)T

of the sectifisrwhen the svercurgant dwantars

operate. (sse parsgraph 54607

P
The cpers\a\"ian of the af‘oremanticned nquuzts for the '
shifting of the advence firing engla 3 causm ths open
control loops through selective switches (see Fig. A 19
arrenged in the control Voltage bluck. ™ The.90% and 60°
firing change-over signals taude the tlosure of two elec~
txonie awitches; one for the breaking up of the closed
control loop and the other for connecting the voltsge re-
lated to the required sngle to the input of the trigger
equipment.  The 150° change-ever signal ceusee the ‘olosure
of the First switch and also both of the switches relstad
to the 20° &nd 60° change-over eignels. - Thus the control
voltage £¢ which will cause the firing pulses to be shifted

" up o 130° (rectifier operetion of thée inverter)$ is ob~

tained by sdding the two conkrol volteges 6f€nr the 90°
and 60° valve firing respectively.

Flgure 4,20 shows the behaviour of centrol voltage &g,
from the instant in which the bridge velves start firing

( Jb = 85°) under the control of the awitching~on open
control loop or 20° pamn control dus to the rate uf change
limiter, to the instent at which the extinction euntrol

*NOTE:  Used in case of powsr Flow reversal.
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loop tokos pver { b= 359 reashed for 14 = IaN):

£p varies lingerly up to - 3,6 V; at which value the

contrel of Firing enters inte tho dominion of the extinction
contrel. It is very interesting ko 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 caleulated by
tive K contreller, which compares at any instant the dstual
and the reference value: (18°) of \‘ + The behaviour of

the inverter DC voltage is alse representad in the same
figure. to,,nmph?sieu ite dependence on the control veitage

dEf.

Udircos (K 5~ .

r-cnntrul

Sramp control

&

Fig. 4.20 Vollage control and inverter oubput
vultuge durlng tranalent (bridge
awitching on).




During the 90° open-loep conbrol, the variation of the
Firing advanie angie follows the vuriatidﬁ of &¢ controlied
by the contrpl ramp. Ccnsequently Xm:tual can be
expressed from the beginning of the translent switching-on
process of the inverter me

Dok SEL L gp e Ya

where K i a proportional degree Fector.

The inver(e: vnitage will towd, be represented by the
t‘nllcwing expressmn

Udlscos Kx gt :Ud}.ncnsxér:‘/

whick dUFIRg the BEeddy sone;
angle control since &f= £ becones.

ldi,eos K.g1)= Udi.cos\‘min* = constant
Firing Control During Transients & SON, NOSOF ‘and FASOF

During the switching on and off of & bridge, the firing of
the valve is performed so as t6 cope with Severel pratective
needs for the safety of the valves and For ensuring the
stability of the entire plant. .

The valves are fired for 10 scconds at tie beginning of

the switching on process (SON) to escertain the state of
the by-pass firing generator which produces the 160 Hz
Firing pulses.

This generator is located at & logic circuil (by-pass
hlock) before the final indoor omplifiers provided to give
the necessary energy to the firing rignals transmitted-to

* NOTE: {min =Ya




)

the outdpor Firinq contrpl blocks.  After the afore-
mentioned check and sftér the bridge has been prepared
to be switched on by the removel of all earth links and
the closure of the polsrity links (related to &he direction
of ‘the transmitte& current ), the acknowledgement af the
opening of the by-pass lirk esuses the operating of an
glectronic cireuit which, by the intervention.of several
timers :ia uged to supervise the correct sequence of the
final switeh~on sﬁaps. With the aid of nsci‘llograms -of
significative quantities and by the represéntation of the
vaive hring pulsns, F.{g. 4.27 shows the time mtervals

in which several events have to take place,. before the .

bridge can be put in nneratmn.

Instant,ty in Figi.4.21 mbrks. the ‘start, of thia elentrdnis
by-pass-on the generation of*the by-pass CMD (Functier.d

in Fig. 4.21). . This releases. the 100°Hz pulse generstur
to (function a b) Fire only two bridge valves of e
selected phese (thé first biidge phase avsilable in otder

to by-psss the Fldwing current, when the bridga by-pass
bresker is commandsd to be upened) This by-psss firing
situation will continue also after the apening of, the by-
pess bresker, which normally opsurs 220 ms later on the
gerieration of the by-pass CMD.  Tha totel duration of the
by-pags Firing is d t on the ack 1 of bridge
bresker closure, wvhich has to occur within 120 ms after the
opening of the by-pass breaker.

The acknowledgement of the bridge bresker closure determines
the change of firing valve from by-pass logic to 90°

with ramp firing, which will continue until the }' control
loop tekes over comtrol.of valve firing (see paragraph 4.4).
The switching from the ona Firing control ta the other is.
initiated by the emission of a A& pulse from the bypass
logic circuit immediately after the closure of the bridge




ithy

iring w
A

> 307 £

= 18°
JANEN
e

T T 1 t Tt

{

(2}

@
£
o
g
i
) .
SRZ. .
22
§
g
%
H
B B |
S R
8 = —ed
g ;
£
R
Z
& —
. ]
g
g
z
2 —
3
g
[ —
£
o D)
WA -
I S
, o
g
£ «
El o+
3 o
L O
5 £
2 35
2 ]
£F

!
T

|
T

1100 Hz Firing pulses (bypass)

f
)

~

ot
5T
>
£e
32

G

Firing of
valve B-
Firing of
valve Bs

d)

Bypass CHD.

tive voltage control}

Bep (correc

Valve firing duting bridge switdh-on (son).

Fig. 4,21




UdB (output liridge valtage)

Bridge breaker closed

50° firing s 30° Firing withy= 18°
lto by} { .
i
I
Firing of :
valye R
B AT T O O B R I R
(€3] T T T + + T

I

. 1
Firing-of |
b

k)

|
|

i

1

|

i

!

i

!

¥ L}
|

i

!

I

v

|

1

1

veive ke C | l ! |
T L T T T 7 T T
() g
N 1
“, . 3
ol | L
- V i ! ¥ ¥
; .
Firk f X
v:ivggﬁs ! |' l PR ! 2 E
i i " 6p°t .
: | 340 v X
Byyass CMD A L
@y

Agp (eorrective voltuge control)

-

Fig. 4.21  Valve firing during bridge switch-on (SON).




breaker. The Mg pulse in added to the autput of the
907 degree pamp controller to synchronize the mew firing
{90°) with the voltages scross the valves. IF the bridge
is switched on in fbsence of current flewing, all the
aforementioned steps will take plade; but'the finel firing
will be dictated by the invérter ciirrent controller (see
paragraph 4.4) instesd of the X controller.
Normal switching off (NUSDF) 15 performed in the reveise
way., The first step is characterized hy‘the smoath inc-
rease of the firing angle )Bkowardé 90°+dlie to-the 90°

with rémp Firing engle cirpdit, which overrides ihe. control
of the i controller when the br;dge Peceives the comgand

te be normally taken out of operation. The opening of the
bridge. breaker which discomnects the inverter bridge from
the network, determines the by-pass Flrlng {100: Hz) of all
bridge vaives (B-phaee hy -pdss), to permit a safe reclosing
of the by-pass breaker, dufing the bn-pass snibohaoff
interval.

The faster switch~off process (F&SQF) on, the sccurrence of
more dangerous fauits and failures. is chéraéterizedfhy the
rapid disconnecticn of the bridge. from the nétwork due to
the quicker opening bridge of the bridge brsaker ton®
degree without témp) " The remaining steps sre the sae
as those described for NOSOR )

Outdoor Firing Contrpl Circuits

4.6.1 Commend Unit aﬂd Emergency Firing Pulses
The Firing pulses (and any pther pulsss to aﬁq
from the velves). are adequately protected fﬁpm‘ N
elestromagnetic interferences during their jourhsy
towarda the valves. The protection is ensured by
isclating trensformer, screensd cebles and a fibre




opti¢ Erapsmission system in proximity of the valve
cantainer.

(The valve confainer i .at the line to earth
potentiel). - Morcover guch firing pulse’ (atart and
"stop) is checked snd ve-built by a processor installed

underneath the tenk (command unfts) which may
" generate pratect}ve Firirg pulses in emefgency
qccndiﬁinns. The emexgeﬁcy Flping pulselp are formed
on the  ogourrence af'deviatioﬁs of vhlvé

currents- and vcltnge§ from their normal }aiues as
- & congsequence of AC network and DC sybteh’ disturban-
oes., ‘Ihe emergency Fifing pulses are released

one of the following conhditions srises:

{a) the duration-of the negative voliagp after
conmutation of the velve (aee Chapthr 5) ie

.. shorter than the minimum of the 500)us valve
recayery time, )

I .

(b) the positive voltage slope exceeds | threshold
~ value eﬁler spimmitkation, within thej valve re-
covéty time;

|
(c) the valve current rises above its mhiximum
after falling below the minimum thrpshold
value, b

| (d) the negetive vaive voltage doss not reech the
i
minimum threshold* after commutaetism.

In Fig. 4,22 the command unit logic is presented

with the main functional espécta of current snd
voltage detection end the consequent, generation of
v

* Nute: minimum and maximum voltage -threshald values
are used for the determination of the recavery
time of the valves.
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the emergency Ficing (Zaméo TSE, 1979¢).
Gate Pulae amplifier (by Zemco documentation).

The gate pulse emplifier amplifies trigger aignals
supplied by the cpntrol and menitering equipment
into trigger pulses for the vonverter velve.

The trigger pulasa passed ko the valve unit take
the form of medium Frequency simgle-phase AC and
produce tupn-on of the thyristors of one valve of
the valve unit. :

The anplified trigger pulsge aré trensmitted
wagnetically (see Fig. 4.23).

{8) Signal section

The signal: sactlon of the gate pulse smplifier .
receives its signuls From the control. and
monitoring equipment (command unit) in the
férm of positive rectangular pulses > 19 Y,
50 mA, and negatly - peaks uf'apprnximaialy )
30 V, both with a repetitlun frequéncy of
50 kHz.

The logic of the siénal section takeas
into actount malfunctions such as

- insufficient éupply vltages

- pulse length not adequate

- time difference between start of {input)
trigger signal and {output) trigger
pulse > Sua




- trigger signal present but no trigger
pulse

- krigger pulee emmitted although no
trigger signal epplied

. one of the three perallal input charnels
exhibits different signal

-, insufficient oil Flow;

and decides on release of the trigger pulse.

The tiigger pulsaihas the form of AC pulse
traif with a neturel frequercy of 5,25 kiz
end & repetition frequency of 50 Hz. . The
emplitude of thé 1st half wave: of each puiée
is 620 A, and that of the subsequent half wave,
approximately 300 A.

Pawer section

The power secticnioperates on the piinciples of
a parallel-resonant tircuit invertsr. The
configurstion of the circuit is shown in Fig.
4.23. The resonant circuit consists of the
inductance of the triggering cable loop L,

the resonant cireuit capacitor G and the !
resiator R (resultirig resistances .. the gate
pulsé trensformer, gating modules and thyristor
gates).

The capacitors Cp and C3 act as pawer storage
units for recharging the resonant cirouit capa-
aitor or as commutabion aid for the load circuit.
At the end of the pulse train, cspauit&t Cgl
charges the resonant circuit cepacitor to the
voltage level necessary for the first
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trigger pulse. In the steady-state condition
this circult operates-as follows (see alsc
fig. 4.24):

At by thyristor Ty is triggered and the resonant
cireuit cepatitor Cq begins to swing aver from
negative voltage to positive voltage., Before
the-capacitor voltage reaches zero the commiita-
tifg thyeistor Ty is turned on at -instant %
thus accelerating the'swing-over aperétigln.
At ‘the same timg the clrrént in thé triggering
cable loop ls reduced under heéavy -demping.
At ingtant by the seme procedure is repeated
with thyristors Ty and T4. The, resanant,
circuit capecitor then swings back .to the ini-
The hold-off :\nter 1 fn

two current pulses E(M - t3}. The hold-off
interval of the anul- Erallel thyristors Ty
is given by t4-bg. i ,(The pos: tiye rate-of-rise
of veltage across m\\)‘*yi:isturs is limited
by additional: non-. ]inear reactors.

Fér thyristors T3 sjnd T4 the hold-off interval
is given by the tipe between the twa. load
current pulses (b= t3) extended by the tima
required by the vnitaga\\gu reach positive
velusa,




Recharging current
*or commutation
cursent

. Capacitor .
(//’_—Tvoltaga {c1)

Thyristér
voltage (T4}

Thyristar
‘voltage (1g)

Fig. 4.24 Voltege and current diagrams on the perallel-
resofant cireuit inverter of thé gate pulse

amplifier.
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SUMMARY

Cunverter‘contml depends on the AC system voltage and
cunsequer‘ytly on any AC voltage veristion and distortion
which might accur; and the rilated problems were not-easily
solved. ** ’

A ngw contept’ of convarter control was developed for the
Songo - Apnllu systin, based on the generption of & varisbie
) Fuuﬁ“ﬁdlse by a digital register (ring counter) which in
tuen 18 under the control of a voltage cnntraued oscillstor.
The contru).»voltage is Fotmed by : »
A=) dif‘f'erentiation,of a feedback function representative

' of a cury,zex'siun parameter (yextinction afgls) Wth a

zeference value during thie steady-state condition, wnd -

(b)  protective devices during periods of difficultiesang
' system voltage instability. . s

This enables the firing sngle control to shlft the F)mng
vuthm the permissible angle range.

In addition to the control-uperatitns ﬂlreadv mentioned, the -
for ih apgle tontrol are achxeved‘

by cgmpgnng the instant of the-delayed end af the commutdtion p
aignel (current end pulse) with the relevant cross~over pulse
- (voitage zero crossing pulse}.”  This determines whether oy ‘ o
not. ¥hs velve commutation may take place {described in greater: ( }\ «
detail in Chapter 5). o

The safety angle ('{sxtinc,f,ion angle) For valve commutation i

ia preselected and based on s yminimum Linked to the chargcteris-
tic of the thyristors, with a safety factor added. In~this
way, ideally the erd of the safety angle coincides wifh the

crossover of the valve vpltage, or with the end of colmutation.

#  Further development of converter control systems sre in
progress.
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Fig. 4:25 shows the functional block diagram of th;: control systei
used at the inverters of Apollay. In the blogk diagram the
monitoring snd the protective devices sre also represented.  They
will be discussed in Chapter 5.
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BC PROTECTION

CHAPTER 5

5.1 Commytation Failure Protection

5.1.%

Definition of Comsutetion

Valve commutation is the transition from the con-
dusting state’ to'the non-corductifg state of the
bridge valve and viceverss during-the normal
working condition of & cohverter bridge. {fig. 5.1.1)

Causes of the Bonﬁnutatiopfailure

Conmutation failure in a valve takes place when
the valve s not correctly fired. ~Abnarmal firing
18 the result of faulty conditfvns’ in the firing
cantral system, snd leads to the disappearance or
delay of the. firing pulses, or is the result of AC
system voltage woakness or disteftion. The AC
probléms are the more likely ceuse of commutation
failure; tnd moveover, AC-syatem conditions colld
involve ell bridgey df 8 polein a simlianecus
commutation feidure. (see paregreph 5.1.14)

Abriormal firing of inverter valves may alse ocpur
during the re-energizetion of the DC line, if the
rate of rige 6F the energlsing cufrent is hox'
properly cantrolleds '

Commutation Fajluré in the lnverters

Since the automatic control system of* the inverter
has - the important task of maintaining the HYDC system




5.1.4

voltggé conatant, "the accufrence of eommutation
f‘axlux‘a in'en inverter valve, which causes a sudden
drap of the invertsr DC viltage, is more serious
thun the comnutation failure in e rectifier valve,
becaussi!’. affects the shabllity of the HVOC sysLem
more advetsaly For thia reason, unmmutatmn
failure is constantly monitored at each valve of
the inverter bridge and deviues Yave been davelaped
which reduca the mfluenee of such disturbance on

the hormal behaviour of the HVDE systam (uimbark, 19718}

s

o
Circuit-commitéted Recovery Tims and Hold-off"
Interval { XExtlnction Angle)

Commutation feilure in an. inverter velve cap be

the result of an extessive<increase of the valve
commutation time. This peans, as shown in Fig.
5.1.2, that if @n off-state voltage (positive yolt~:
age) ie spplied to the valve before the expiry of ~
the cireuit-commutated recovery time tq, the valve
will turn on again even without gaté ourrent. i
Commutation failure therbfore oscurs if the period |
of the reverse voltage Ay (hold-off interval),
whieh corresponds to the \( extinction angle, is g
shorter than the valve circuit-commutated recovery
BLUSS T

The cireuit d y time is a i

tie of the valve thyristors which varies with very-
ing thyristor junction tempei‘a(‘.ure.

The held-off interval is a characteriatic of 'the
circuits used to damp surge negative voltagé and
to reduce the rate of rise of vbliage or current
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in the thyristors forming o valve during the tura-
off time.  Tho hold-off interval which §s equive-
lent £o the ¥ extincticn angle can be set by a
suitable capecitor-reasistor combination, {grading
cireuits) in parallol with thyristors, and by a N
sevies Inductence Pig. 5.1.3. °.The grading or
sufipression circuit ab Apollo inverter station hes
been sot to guarnnreu a hold-off interval of 1 ms,
cqujva.\enh to bn extinckion anglo X. 18° for the
l;hyr,\stor type used' which has a-recovery time re-.
sponco in the order of 500 ps(99) (Heupann, 1975). X

valve 1

on-stute

valve currents

valve 3 du:,(ng commutation

aff-state

|Yalve 1 voltage
Iduring comiutstion
!

tp - t1 = tq Circult-comiutabett recovery time
Ly« tg =g Valve comutation time (overiap time)
t3 - ty = At Hold-off interval, which corresponds

to the "axtincnun angle of the valves.

figs 5141 Normal valve commutation




valve 1 on - state . |

valve 3 off - stute

£ <tq

on -~ state

bp -ty = At Hold-off interval, which cortespords ‘o
the wxtinction angle of fHe’velves -
ty -ty =

Fig. 5.1:2 Velve comnutation failure.” f The commutation
time ig teo long and valve 1 returna: to the
condueting state.

L1J: P }«.’,'

estureble resctar |
H
Lz I

178 ‘
Yy %I'Lj 0
y T T

Fig. 5.1.3 Voltuge gruding neiwork of Apollo valves.

S
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valve 1 voitage




Consequent Camfutation Failure in an Inverter

Commutation fallure in any bridge velve leads to
the collapee of the dirsclt voltage of the inverter
bridge for a perfod which hes-been calculated to

be three eights of a cycle. This decrease of the
DC voltege at the inverter side causes a sudden
rise in the #irect current which in turn prolongs
the commutation tims:  This has the result of
ereating tonditions for the dccurrence 6F new
commutation failﬁm, theneby .resulting in an:
‘sdtitibnal decresse of the invertef voltage
(Kimbark B, 1971b). * The occurrehée of & commite-
tion failure in &n inverter bridge is therefore
likely ta spread £q all the other inverters of the'
affacted pole if the rake of current rise after a
commutation feilurp is nut propenly limited. 4
solution to the problem of vonsequent coimutation -
failure has been found with the installatien of a DC
reactor on-the DU lire receiving end {inverters).
The dnductence of this reactov is caloulated by
Kimberk), so as to oppose the rate of current rise
dus to the occurrence of cofimutation failures.

DC Terminals Short-cireuited by the Occurrence af
o Bridge Commutation Failure ’
2

When @ valve fails to commutate, - the'inverter t;x-idge
cauges the DC terminals to be short-circuited thgaugh
the uncommutated valve and the next valve in the
valve firipg gycle. For example, for a bridge
condibion in which valve 1 and 2 are conduoting,

the new bridge configuration should be charécterized
by the sonduction of valves 2 end 3 through the
following commutetion:




Yalve 1 an goes to off
Valve 3 off . joes to on

If valve 3 does not.commutate, valve 1 fails sldo
to commutate and remaine conducting when valve &
starta to vonduct after-its ignition.

As shawn in the inverter. equivalent circuif of

Fig. 5.7.4, =& commutetion from valve 2 -to valve 4
after the vecurrence of tommutation failure on.
valve 1, gauses the DC tsrminals to be short-
circuited by the valves 1 and 4, and .that situation:
of OC terfinals shopt-circuit will continue until
valve 4 extinguishes,and completes ite commutation
to-valve 6, . » -

Further cemputation failures san prolong the duration
‘of the DC terminal short-cireuit which increases

the instability of the entire system end dangerdusiy
stresgas the valves of the affected bridges. >
Thersfore saveral electronic devices have been
developed to overcame the problem of a short-
circuit of leng duratien on the DC terminals due

to commutstion failure. .

2
Bl
Lt
4
. Dt ;
- 4
[ n—-

Fig. 5.1.4 DC and AC shart-eircuit due to bridge
valve commutation.




5.1.7 Cofinutatinn Failure Protection at the Inverter
Statfon :

At the inverter station, probection sgainst commuta-
tion failures is based on the following cLncepts:

{a) Reducing the prri}:abil,‘ty of eommutation failure

due to the di ice of the firing pulses
by automatically switching out the affected
bridge before any comfutation failures teke
place. This ia done by an additional protec-
tive system (valve fiting monitoring, see

"‘Chapter 5, paragraph & ) which monitors the

firdng pulses along their journey towards the
bridge valves and very, quic.dy _switches out

(b

(e

(d

the bridge when a misging f‘iring U
detected. i

Shortening the time diring: which the bridge
BC voltage is z'ed&ced“ba 2670 ge- consequence
of a cnmmutat?.nn faal\{ta.

[
Recovery the‘DE bridga veltage smoathly from
its dump on the pecurrence of commutation
failure by incre/}sing the valve firing angle
from 18° to SD“% N
Reduetion of the powei‘ transmitted by sending
& ¢ommand signai (Idref‘ 6,3 Idn) originated
by the commutation . {lure dstectors at the
inverter bridge protection cubicle to the
rectifier gurrent controller. = That comnsnd
would cause a power reduction only on the
oceurvence of e second disturbance within s
dafined tima from the firet comutation fail-




Jy 5.8

ure, or in cese of an AC system Feult (al
bridges of the pole afCected by commutation
Fejlure).

Outege of the effected bridge if the ratg of
commutation failures (multiple commutation

(e

failures) exceeds a defined value.
P - )
The Commutstion failure Detector Input Signals

Fig. 5.1.5 shnws the blnck schemahc of the
commutation flailure detestor For each bridge
velve at the Xnverter bridge protection cubicle.

¥ The reaponsc or the digilal’electronie cireuit
detecting the pccurrence of the valve commutation
“fadiure ‘can-bel sustly understond: the-help. of
tha pulse signgl diay aw (Fig. 1 &) at different

35 of the detector.
i Lo

prnmxnenr poinl

[

. Commutation faillive detector input signals are

defined es .ho valve status signals.
They sre ss in thé sequence of Fig. 5.1.6.

(a) This cuerent ntart is ganerated as soon os
the current has resched the valug 1d=0,25 Idn,
after the velve fires.

(b) This current end & generated when ‘the valve
current hoe decressed to & value in the order
of tha reverae current, and the valvo is et
lts negative reverse voltage.

5

Thia emergency firing is generated beceuss of




the danger that the valve may be switched s
back inte.conduction when subjected to a
-positive. voltage.  {For instance,. the 't N
extinction engle defined by the negative vol-
tage duration is smaller than the seftled low
¢ Limik (0,5 mo). (sce paragraph 5.1.4)

4 . B
@) Thie voltage zera crossing is generated-at
zérd‘crussing of the systen voltage whentit o
. is ri:sing te the positive from_the negative
reversp value.  Within'a certain ;rqnge‘ across
the zero crossing point, the system. volt,ga;e
earresponds tq the yélve voltage, - K

i . . R
NOTE: ALl the valve status gignals are
N .transmitted from the valve autdoor

5 controlto the bridge control'systen: N
thraugh & Fitre ophic System (light- .
‘ bean) ifithe form off 40 ¥, 10 ms wide x)
pulses. «. In the bridge gontrel cubich¥”
they are re-shaped. to appreximstely T
n 100 ps Widé-10 Vepulsés bafore being
fed to the commutaiion detector inputs.

: [ ’ "
Detestor Operation: Intercept- and setﬂ.Pulaﬂé L

Under notmal conditions (absence -of‘commutetion =

failure) the operation of each bridge valve carbe

represented as a status variable-which continuously’
cycles between the on and off state as the valve", -
is fired. Precisely at each tyele the non-condue=
ting state of the valves.s followed by the conduc-
ting status (6,6 ms); the transition-from.ore state P
to the other represents the commufation statys Gy
the commutating period of the valves. @ // 2




The cnnduct1v1ty status of tha valves is monitored
5o b\\)fllp-rlup A (Fig. 5.1.5), which is set and reset
by the positive Flanks ‘of current stert pulsss gnd
nurra«ﬁ}: end pulses respectively. s

The ioh ‘statugtis monitored by neas
W '!;he ¥ extinction angle as & tume period, 1dent1heg
" gtygach cycle by the current end voltage zerD W
erogsing pulse’ 1ntaryal (Fig ’1 €Y. Dus’ tu the
detector AND gate B (Fig. 5.1.%), the commutation
" failure protection signals cap only be géneiated
& shen Ehe output of f’hp—flup\(\ and the zero Croasing
pulse (high level cuincidenee)\ninnme, or’ when
is more’ than SO% less; than \‘N (18“),,<53.nce, as
. prakusly stated all causes of Gommitation failure |,

) leggito 3 very small extinction angle. ':The
Ao com.tation failure pulse in turn caiises Mie gerera-
° tion of tWo pulses, called respectively intercept” .
and set. pulses, which interrupt the normal valve B
Firing sequence. Furthermﬁra) by causing thé"
inverter bridge to work for<giwhile: in rectifier
N mode, the short-circuit condition on the D[f;termi« ™,
-, “ nals, as & consequencg of thE Tommutation Philuce,

" is removed. _ Irdther words if, for instarice,
N balve-4~(Re) fails to commutate From-the conducting
state, the consequent intercept pulse will fire
valve 5 (B+), meanwhile the set pulse will turn on .
valve A//»(’R—). * This means that a simultaneous
firing ‘uF iwo different valves is caused by the
protection logic (Fig. 5:1.8) after the occurrence
of commitétion failure dn any inverter valve to
abitain 8 negative roverse direct voltege scross ./f.
the inveiter bridge (rectifier mode of operation ("
of inyerter due to sommutatisn failure protection)s
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Timer Units of the Commutstion Failure Betector

Commutation Failure causes the uﬁtput of 8715 ms
timer C to bé set (Fig. 5.1.5, 5.1.6) end hy.such
sekting, ahy further commutation f'allure ateyring
withif thia’ periad, causbs annthet pair af ftercept
and set pulyes; to be generated (Fig 5,1.6%,  On .
the elapse/nf e (‘, the delay element D 15 qat
or 20 ms causing the blocking of :mtercept snd

set. puises for,_each bridge valve, mes/nwhllsvhhe
mnmtbring and dzeplaying ch\annel (fl(/’a’:‘"ds as
the' valve number) ‘are relesssis n%s “EhE”
time dumng winich a\ aommutatlon !‘a\A ,&LV!}

. initiaté thes, trzppmg _process of the' aF“TPcted br:idge
o ' thrbughthe s¢ffing of the: detection stors £ and .
:\ § . the time unit F. ' From what has been previously

N stated, in.the nase of a pars;stent commuhatmn
- Failure, the t,\me units € and D will i

their set cundihmn, and therefnre the deﬁﬁntmq
“atore E and the timingunit F whll mamta.\n the
“Gutdge of the britige. 3

it 1s'useful to emphgsize that after twc cunsecutws
conmbEation” jilurub Wiithin 35 ms F’ur mst shee, nf'
“the satie valve, the protective detectof enters intn
' thé tripping dondition and Snly st the secnnd
conimutation Failurs the valve ne cummutated and still’
conductirg is dmpleyed by the flmking of. & mu?u- .
toring LED. E i

5.1:11  Advance Fiiing Angle Setting and Idr
te the Rectifier Station

The setting of the time unit F (Fig,'s,1.5)ild
break the firing valve loup circuit ;r}w‘ the ﬁu{put
of F will take over on the firing of the bifdge




valves with an advencdd angle ﬁ £0°, (see
Chapter 4,nparegreph 4.4) in order to malnteirn
the bridge valtage conveniently Tow during: the
di v L whon two
failures octur ono aftep the other in such s short
"bifie that the timer & not teset on the elepse of

40 ne. (see Fig, 5.1.9) from the setting of the tims
unit F itself (see Fig, 5.1.5), the GWD Idref = 0,3
idn is tronsmitted to the rectiffer’control system

so a8 to reduce ‘the power transmitied of 3. If

suéh reduction does nat }nke place in.a time of

120 ms, (see Fig. 5.1.9) a cnmmsnd to. swifch off the |
bridge itwv‘edmtelx (baiié-up FASGF cmn), Y5 issved & °
by the same logie eireuit of Figs 5.1.° ° ¢

Fation

Faal and False Comnutation’ Failure

1
The comuutation Failuve mvmitunng chaunels capnot
scourately idenury the, bridge vélve. affected b&\
the Firat commubation failurs. - n fagt the \
comnutation’ Fdilure of Valve 1 (Reds Fuf insbanté,N\
may be cauded by the emergency firing pulse or’ %y
the detectwn of misujng cursgnt end pulse. ta
Soth avents may. be deternined by iné: failureref the
electronics denerntirg.ond transhitbing sudh pulsc ‘
&nd; slthoygh vadye 4 commutates Licvause of the ¥

" hormal valve 3 tum\ ofi, the set and intercept, pulse;
are also generated by the R+ valve deteckor, csusing
the inverter bridge tu guddemdy wark in the” (“/ e
rectifter mode, We define bhis type of disturbance
us Talse comumutation fuilure of the bridge. But
if valve 3 (W) fails to comnutate from t}ﬁ\}\mnr
oonductivity state, valve (R+) is forced t0 maintain .,
ita burn on state.  Again the end current pﬁlsék
is not generatod and the protechion operstes this




time as intended for real commutation failure.

In conglusion, the commutation failure detectar
has been designed mainly to protect the vﬂlve in
the conducting condition, but the ‘source of the
disturhance is mostly to be found in the ‘awitehed
off valve (Zameo TSE, 1979a).

. )
Fig, 5.1.8 yslve,_q and £ in the conducting conditign.
B N B 4 E

1f valve 1 falls to commutsts; valve 5 and 4. .

(a
are simulﬁan;aoualy fired.
(b)

1f valve 2 1&3 tocommutate velve 's and 6‘
are eimultnnérﬂsly firod, .




pug josey dnopoeg

31naaT2 01607 'OWI NPT ¢/0 = 123DT
- T,

g!
N aanyrey
uoT3RINIMOD Y7

NPI £°0 = 398PT




5.1.13

‘indicate the occurrence of e commubation failure

The oscillograms of Fig %.1.10 give an example of a
falee commutation failure due to a spurious emer-
gency firing pulse. The bridge veltege (b) drops
suddenly to the negative because of the generation
of the set and intercept pulses. - The current
reference at ths inverter side (a) is brought by
the estting of the time unit to the 0,3 ldn to

and the operating of the relevant detector.. No
conmand tp desrease the power to the rectifier

station has been emitted and the DC system current

remeins unchengsd dedpite the presence of some
oscillations immedistely after the occurrencs of
the commutation failure.

Multiple Commutation Feilure and Integration
FASOF (Fast switch off)

If & certain. number of valve comqutation failures
take place in a bridge duping & pericd detgrminad
by the time integrating cireuit of Fig., 3.1.11,
which through the timer G output (Fig. 5.1.5) is
excited at any commutation failure, & bridge ewitch-
of f pulse (integration Fasof) is emitted by the
thraghold circuit ot the uuéput of the time intsgra~
tor itself to prevent the DC system from b
affected by severe’ ndeillations. e u: the. 1
ths commutation Feilures is insuffiblent to

generate the tripping signal from £he threshold
cirduit, s long-t totion failure
may take plecs, In such B case the system voltags
oacillebions do ot resch cansiderable * proporticns
because of the demping action of the line reactor.

The possibility of operakion of the ling protection **
which reduces the aystem current if a pole voltege

* They can jeopardize the inverter operation
., and stress the valve.
#%  Yoltage depsndent current reduction protection
(VDCR?




Fl

rig, 5.1.10

Fulee commutation Fallure due ko o
spurious emergency firing pulse.
(Recorded at Apdlla station).
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Fig.

5.1.12

bndge current.

bridge voltage

Repetitive commutation failures due to e °
missing ignition pulse. The oseillations
on the system arise seriously (recorded
at Apollo).




5.2

501,14

0C Line

5.2.1

purrents and! ‘“z
* systes fault such ss pﬂﬂse 4

drops below certain specified levels can not be
excluded. . It is desirable to take & bridge

affgcted by a repeating commutation failure disturbag-
ce, ut of operation to avoid a sudden decrease :

in power trensmidsion. " 5

AC System Fault

ground: flash-over ocelrs.
tion failurs, feature it'is pnssible to
the instant st which phase W of the AC. syste
starts to reach a relevant alteration or distortien,
all the inverter bridges-in operation are affected
by commutstion failure and for the dufation of the
AC disturbance the copmutating conditions for eacH
bridge are no lopger defined. For this reasan the
AC network is cuntanually monitored and 1n the

event of a disturbance which leads to/ths ‘alteration
or disterfion of one or mare network. phssas, a °
signal is emitted by the monitoring circuit ‘ta
change the status of the time unit F (Fig. 5.1.5)

ag soon as pessible, so that the protective actions
described in paragraph 511.11 (initiation of bridge : -
tripping and preparation for power transmissios. - ’
reduction’ will occur.

Protection

Causes of Short-circyits on the OC Lines,

The protection of the DL line during Line short-y




AT Network

A

A\ o \/"-j“u’w S

Dridge phase currents

a~=+Current reference

Pole voltage

Rectifier speration {negative voltage)}

Bridge voltage

Fig. 5.1.13 ac system fault: all pole bridges sre offected
by commutation fuilure (recorded st Apollo station),




circuits is of vital importance in assuring the
continuity of power transmission, thought possibly
reduced when the rate of flash-over occurrénce at
the shert-circuit point of the line exceeds a pre-
established value.  Although the DC ling is designed
to be safe from any Flssh-over by proper linew-span
clearances and adequate insulation -at the line
suppoiting poipte; the possibility of short-circuits
due to the preaence of trees, insulater pollution
and bush-fires is very Mi\gh, expecially in the re-
mote areas through which the lines run-end.where
efficient inspection and maintenence is not‘always
pdssible.  Morgover, weather conditions such as
high temperature, humidity and strong wind

favour: the occurrence of . flash-overs when some of
the gforementioned causes of short-circit has :
takeriplace (Uhimann, 1975). ' .

Basic Principles of Line Protestion Design

/ i
DC line protection systems are based on the following -
. e

principles:

(a) obteining extinction of flash-over as &opn-as
it arises to avoid any damege, to the line

(b} holding the line with no power flowing lang
enough to permit the delonizetion of the air-
surrounding the flash-over liré paints .

attempting to restark the power flow in such
a way as ta avoid undesirable evervoltages on
the line .

decreasing line voltage cdrastically after a




certdin number of pawer flow restoration
sttempts (persistent flash-over)

lock-but” of the iine (power tremsmission o
zero), if the number of gttempts for line re-
energization excesds a predetermingd value

W) leBk-out of the Line if the flash-over is
Ynat extmguish iii e predetermned pequ.

Summeriing. the abarement oned concepts, a i
protection systein must not only ensure the saféty B
of "the line againet possible shork-oircuit geous-
refices, but mst also evaluate the severity of
the line faults by & progremmed number of line rte<
enérgization atéemphe, and eyan. Iock-nut-the 1

ifeall the attempts are uanéceSsFug, . §

ijsvelmng Waves on the D Line

& . .
The occurrence of a shorb-circuit at'a point. of
the line glves vise to transient phanomena, '
mamf‘estxng as vbltage or current’ waves propagating
in both direction from the point at; which the' short-
cireuit oceurs.

The propagating waves; alau called travelling waves -
contain an inf‘imh number of cnmphnents, the
fundsmental of vghich depends on the line length,
and the speed of propagation. ,

o

From the partisl differential equatiop related to
the voltage wave propagation




NCATR: i
x* 2

2 solution gen bt obteined which coneists of two
componenta:
Ulx, t) =y ("x s vk )+ 5 (k + wt)

The canpdhznt £ travels with velobity in the
Hirection of decreasing X; while wikh the’same
velocity, fy is travelling in the directior”af

-increasing X.  Te wéve propagating vetodity is

a Function of the distributed line characteristics

ahd is given approximstely by

Va1 /LT .
R v,

Un o line L km from the rectifier end (reference
point O km), any travelling weve originated at the
distanc % reaghes the referenélend (regtifier)
arid the inverter end in a time t1'z x/v and in &
‘time tp = (1 = x) /v respectively. . the travelling
waves, due to their high Apeed {near to the speed
of 1ight), een be used to monitor the oceurrence
of short cikeuits along the line and to pruvide the
necessary actions in order to prevent damages to
the lines : :

On the aceurrence of & short ecircuil, the line
oirrent and voltage drops suddenly altng the line
botween the fault and the inverter end. The
curienk on the line reaches From the rectifier
end end the 1iné point whers the fault occurs
increesen ak a very high rate up to the maximum
limit ellowed by the rectifier current controller
{ace paragraph 3.0.2).




fimshover are the two travelling wave, parameters. »

sigral. This signal is memorized by a digifal

The Travelling Weve Protection Signal

The rate of lite voltuge decrease and the rate of
line current increase ab the firet instant of

senesd and measured by the line ptutection travel-
ling wave . detector at the recbifier side. This
also the two “gradients
into mppropriaste pulses, which are afterwards added
togsther to form the travelling wave prcfeétlun n

caunté. *®lip~flop, whosé chaniye of state causes the 1o
shut~down af current tranamisaion by shifting thet 7 .
valve firing me the restifiex to tha inverter Y ; L
mode. The blnnk diagram of 3, tyavelling wave

detection systen in use at Songy

shown in P
Fig. 5.2:1.° B 4‘"
PR . X o
Travelling Wave Detector at the Rectifiér ) %
° i 3"
0n the oceurence of an electrical disturbance on ! e
the ling, the derivative block A/;L’Jg 5,2.1) ’ 1o

generates,the gradient function du/dt releted to
the changs of voltage, and ab.the game ime

block B generates the gradient fumction di/dt »
related ta the chenge of current:

IF the sum of the two gradients reéches e threstiold '
valug, whigh depends on the number of capverters i
in operation, the comparator C changes it ;
level and triggers the monostebls f‘lip-?lg‘
(Fig. 5.2.1 end Fig, 5.2.2).

The threshold value is chosen with the specific
aim of monitoping the OC line faults and to make
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the trevelling wave line protection system operating
only on the occurrsnce of a line fault,

Due te the Fact that the line voltage changes over
a wide renge and as & resull the actual rate of
the voltage elso varies for a faulk, the setting
of ¥ derivative block A wnulﬁd be extremely dif-
ficults For this resson a corfective cirouit
block D which notmelises any voltagé value to a
fiked constent; oveprcomes the obstacle and allows
the derivative circuit A to be get st a single rate
of ghahge.  For rate of current changes: the. norma-
lizing cifeuit {s not necessary because the power
transmissicn is normally cerried out with current
cloge te the reted value..

To ensure torrect operation of ‘the travelling wave
detection system, the negative changes.of .the line
voltage are mlso monitored by the operational smpli-
frers forming the contral bloek F {Fig. 5.2,1).
The pulse gensrated by this bloek and the output
of the monostable flip~flop E are combined via an
AND element to form = signal which changes the
state. of "the delpy-time.element-H. when its width
overrides the deisy, time presented by such element.
Only thet is the b+ ing wave protection signal
produced by a rumiiegidn of the valtage negetive
change detector F butput and delay-timer H output
via a final AND olemer The generation of the
travelling wave pules I8 shown in Fig. 5.2.2 by
the representation of ‘thu ';J\Alsas abt the various
blocks outputs of the TH deteéStor an the detection
of an eloctrieal perturbance trensmitted aslong the
line, efter the occurrence of a line flegh-over.




Qutpul, o oaagal ive changn sletectar

e S ok compurator € ot

Comsination of afannl 1 and 3

~or oulput o A9, Cloment

Dnlny u-uu-y output ’(‘

Fig. 5.2.2 Wheh ty > tH Eho
is generated. 5

Protective Shifting of Fxr‘ng }ng}e at the
Rectifier End =

;The travelling wave protent_' n signal is generated

‘.8 few mill

of the line
ilash—uver. This time pel‘indx varies with the

where the fault hea oo Ths generation of
the travelling wave protw. n signal has an
immediate action or the sEtffier.current controller,
which is forced to shif~ ?iring angle o from

the rated value 16° ta : " This means that the
bridges working in the Lifier mode sre rapidly
made to work in the in

v mode, and this favours




the decrense of eurrent within the shortest
pogsible time. -1n 20 - 30 ms after khe ocour-
rengea of the line fault, the corrent reaches
zero by the linked operation , of the travelling
weve protection system an:\‘the ourrent controller
st the rectifier end.

Travelli~g Wevé Protection at the Inverter End

The inyerter stetion is aloe.provided with a
travelling weve detector, Maipky to monitor and

'cnunt‘the number of flaah-q"«ers in a. predetermined

tims period and to lock oub the power trensiission
(Idref = 0 CMD to the rectifier current controk)
when within such.a period,  the nunber. of  flash-
avers exceeds a certain limit.

The protection provided by the inverter travelling
wave detootor is thus restricted to reinfores the
protective action provided by the rectifier travel-
ding wave d s The teating intervention
by the inverter travelling weve detector is always
deleyed beceuse of the time<lag necessary. for the -
build-up of the protection signals and their trarig-
mission to cthe rectifier station.

The travelling wave deivetor at theirvertor end
is thua not followed by u re-pnergizatian system.
A memory stage which controla & digital counter far
counking the number of reclose ettempisicarried out
at the rectifier end, and a timer which resets the

digitel counter.after a pradetermined 5 minute time ,‘

peried, ara set by the negative flank of tha TW
protection flank pulse.




i

soounter gives s tommand to trip a bridge,

Moraover, a digital stored valus representing the
numger of bridgea in operation end the aotual value
of the line voltege are compared ab any re-
ensrgization attempt to generate a pulse resetting
the.pomory stages when the attempt is suceessful.

At the second re-energizakion attempt the digital

{Tripping of & bridge at second re-energization
sttempt is gptishal)y. . Such tripping in tuen
determines & further bridge trip at the rectifier
end, g0 that the subsequant line re-snergization
attempt will be carried out with reduced line volt-
age.

The Rewenerqizetion of a -DC Link afid;

Fault Oceurvences

The we-erergization of the DC.line .after a line ~F 1s
fault is squtomatically performed by the restifier :
current contyoller, whigh receives the re- = %
energization commands from the travelling wave

» The qizing are kssusd i
after & pre~dstermined time From the oceurrerce aﬁ\\ X »
the line fault tn allow adequate delonization of &hé\ c '
air surrounding the flash-over path.  Nérmally, the . =
time allowed for deionization is made progressively j
longer for ths-consecutive faults acturing within e - -
defired perdod of time (5 min). *
This 5 minute time period has been socepted as the
maximum time grouping e seried of ling protectien
events caused by the seme line fault. By this period
of time it is also possible to get an indication of the
severlty of the fault by counting the number of the
events and observing the rate of

* NDTE : The 5 minute line protection timer at
Songo and Apolln station is set on the
generstion of the first travelling wave
protection signal.




their eccurrence, -Nevertheless, the number of .
recloaurs. obtempté is limited because of the fieed.
to avoia 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 = O which causes the lock-
out_of the power transmission (Idxef‘
a very short-time. L

Protection and Ra.enqrgiiation at Snngn Substatidn

operating at ths Songo suhstst)un.
basically of:

It consists N

. o

i
"{a) the unit ‘i memorizing the trayelling wave
pmtectlon signals gen(_rsted by the TW

detector (store 1) and by the differential

current protect;aar:s}ygLem {store 3), 3

L :

(6) the unit for the deteminstion of the actual
ﬁnla voltage,

(c) the shift-register, which selests and contrals
the setting of the time stages which deléy. -
the reclosurs attempts for sh appropriate

trom Fig. 5.2.4 where the binary signals at the
most relevant points of the re-energization
circuits are sequentially displayed during the 4
stege re-energizstion interval,

it ean be seen

0 CMD) dri -

Flg. 5.2.3 shows the re—energ)zatlon contrul system -

deibnization.. It alsu determines the number .
af the and g the, }

signals when the ling Faults Te~ogour pers1s~
tently.
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that- the persistence of .excitation X1 .due to the
continuous. setting of store 1 or 3 meRes the re-

ehergization. system work as a 5 pulse ring“gen-
erator within a period of time cajdutated from the
instant of the fault beourrence and the sétting of
the lest 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 chenge sharply’ from
high to loW by-setting the time stege T1.  In
turn, the integratar output’ fobces the current
contraller to shift the firing delay angle from
K= 167 to 150° and that causes .the rectifier
bridges to sperste in inverter wode so that g “fast
protective discharge of the: 11 ts obtained:
After a time T1 + T5 in.the' “\fE240 s such ©
as calculated for the air . . \L)n:)“befﬁre the
first reclosure attempt take. .if the blocking
signal X171 changes from high® 578w and consequantly
the integrator output X12:incrétses firstly-as an
exponential function (207mé), and“ther as a ramp.
If the re-energizing ramp continues to rise Seyond
& certain Jimit, the comparator. output X13 produces
& T6 wide pulse, which through the logic input of
the shift-register and a delay. tifer, vauses the
gengpation of & new timing pulse X2 (see Fig. 5.2.3).

Therefore..a .neweretlosure attempt will.teke place
on the expiring of a longer deionizastion. time
given by the sum of T1 + T2 + T5 {340 ms). = Yhe
other 2 attempts after the deionizetion times
T1+ T2 +73 + 15 (440 ms) and T1 + T2 + 13 +4T4
+ T5 {540 me) respectively, aro allowed to.t iKe
place, if ab each attempt the remp generated by




5.2.10

the integrator resches a threshold value so 8s to
get a new pulse at the output of the subsequent
comparator stage.

Successful and Unsuccessful Reclosure Attempts

The re-energization comuand X12 given by the inter-
grator es an exponential function, followed by the
ramp is linearized by the smoothing action of the
current controlier, : 'As shown iq fig..5.2.5, at
the re-energization é";:{émpts the increase of the
.system.\:ul'l'ent is cnnseﬁuent upon the reference
eurrent -increased at two(’different rates of charige.

The first rate (990 A in 20 ms) serves to pass very
quickly the region of intermittent currents snd
the gecond ( 2 250 A in 126 me) guarantees a smooth
line fzation and & i voltage over-
shooting.

The criteria adopted to establish whether or not
re-emergization attempt is successful is based on
the measurement of the line vaitage during the re-
ener(iizing ourrent time. If in that time the line
voltsge reaches 75% of its final value, the re-
closure attempt is considered successful and the
comperator of the line voltsage detector, shown-in
Fig. 5.2.3, emitte a resetting pulse to the atores
1 and 3. Coneequently the excitation X1 dissppears
and the restarting circuit is prevented from carry-
ing out e new reclosure attempt.

The oseillograms of line voltage Ud, CC current 1.
3
and reference current (Idref) during a line fault
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ocourrence, are shown in Fig, 5.2.6.  In the
same Fig. the protective action, the line de-
jonization time and & successful re-energization
attempt are indiceted by the beheviour of the pale
voltage as well as by the yeference current
oscillogeams {Zamoo, TSE. 1979b).

5.3 Rifferential Protection

The line differentisl protecticn system complements the pro-
tective sction performed by the TW line protection detector.

More precisely, the differential protection system intervenes
to protect the line if the TW debector; which responds

tive function. The differential protection acts enly off

steady conditions by continubusly compsring the current

injected into the line st the sending end with that at the
. receiving end.

$.3.1 Differentisl Protection at the Rectifier and
Inverter Stations

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

The slope limiter also provides a smooth current
rate of thenge during its dynemic behaviour after
the line fault occurrence.

repidly to dynemic phenomena, does not carry out its protec- '
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The difference between currents measured at two
ststions ig monitored by & 3-point controller (Fig.
5.3.2) which can geneiste two signals sccording to

the positive or hegative sign of the current difference.
Because the condition of & negative current difference
implies the current et 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 Felationship Id1 ~ Id2 » Ig,
g:hers Ig is a limit velue.

The aforementitned difference sigaal contrals the
first of twe delay steges in serles T1 and T2
theough an AND gata:: After a total time delay of
220 me, the output signal of the second stage is
memorized by storege 3 at the input of the re-
energizing cireuit (Fig. 5.2.3), .while storage 2
hoids the TW protection asignal to excite the same
cireuit. On the oceurrence of a line short
cirouit thersfore both storages are inaded at diffe-
rent times (storage 1 before storsge 3), and the
re-sneryization attempt, if successful, will reset
both af them.

The differential protection system at the inverter
station is not substentially different. The

slope limiter is replaced by an integrater for
smoothing the transients. . The delay times of the
tining stages are set e little longer (250 is) and
the resetting of the line protection storages will
take place et any supcssaful re-energizetion attempt.
The ldref = O CMD is issued by the firal stage of the
digitel vounter when th= last attempt to re-
energize the line fails (Zemco TSE, 1979).

.- . P
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Line Faults Affecting DC Power Transmission on Bipolar
and Monopolar Operation

When 8 line fault occcurs the pole maximum power cepability
(Chapter 3, paragraph 7.1) ie reduced to zero by the
protective setion of the TW or the differential pratection
An important consequence of this is the rise of
The oseillograms of Fig. 5.2.5,

system.
the AC bus-bar frequency.
show a steady rise of AC frequency, which deviates at
arbund 0,6 Hz from its nominel velue after the deionization.,
timd and the first unsuccedsful re-smerytzatior attempt.
IF the DC trapsmission. system is in bipolar iode and the
two poles are working st maximum power cepubility, the
module of MPC (Master Power Control., Chapter 3, paragraph
7.1). responsibile for distributing the power betwsen the
poles cunnot transfer part of the »ejected power to the
healthy pole. Whenm & line fault coccurs, therefore,
provisions have been mede to trip.sume genesstors, if the
firat re-snergization attempt fails ahd the AC freguency
iricreases beyond a ceptmin limit.  The frequency at the
rectifier station is not expected to rise sufficiently to
trip the AC Filter if the fault op the line 1s cleared at
the First ettempt. If not cleared ak the first attempt
the AC filters at rectifisr end will trip, causing = 10%
drop of the line voltage and conseguently a reduction of
the same order of the power tranamitted by the healthy
pole. Due to the voltage drop described’in paragraph.3.4
of fhapter 3, the inverter coptrol tekes over to reguiate
the current while the eurrent being transmitted is lass
then the demanded turrent minus the current mafgin., if
the fault persiste, the AC frequency tcontinues to fise up
to 57 Hz, (Fig. 5.2.5) end la prevented from riaing further,
by the tripping of generalors. Before the frequency
reaches the meximse limit sllowed, a commend to trip the
bua~coupler is emitted by the MFC to seb the AR




frequency assotiated with the healthy pole back tp-its

nominal value:

After the urthealthy pole has been locked out {power
transmission- to zero) on the Failing of the ldst attempt,
the power transmission on the healthy:ipole' can be restored
to its permissible meximum g soon as theremaining gene~
-rators are re~synchronized and ‘the AT filter operation )

restored.

If the healthy pole is carrying less than thé méaximum
permissible clrrent, the MPC pfedule responsible for digtribu-
ting the power csuses an immediate incregse of ‘the power
on the healthy pole up to its waximum transnission cape-=
'bility.  This délays therAC fréffisency. fom reaching &
value whers the tripping of soé genérator cafinot be

avoided. ’ Sl

1t is possible that there is such a Surplus of power
gemeration at the beginning of the Tipe Fault that the
restraint on the incressing of AC frequericy by rspidly
decreasing the Firirg sngle end a later decrédise of the
power generation when the AC Frequency has deviated 0,3 Hz
from its nominal value, is hot sufficisnt to -avoid the AC

filter tripping and the subsequént decrease of power
transmission. Therefore all the foregoing processes-in
relstion to the meximum permissible current transinission™
might take plece (Calverley, 1972).  _

In monopolar operaticn, a persistent line fault:leads to
a total shut-down »f power transmission.” Ouring the're-
energization attempt, the trip of the AC filhér and sub-
sequent drop of the line voltage may help restorstion of
power transmission because tie re-energizetion attempts
are ca ried out at lower line voltege. O the other hand,




some. generator must be tripped in order to prevent a
black~out of the cumplete rectifier station. This is
because the suxiliary motols can trip due to overfrequency.

Dynamic Responses at.the Generating Plunt and \.'ml:!'nl
‘Systen Fnr & 50% Load Rejection

Fig. 5.5.1 shows the behaviour of typical generating
plant functions in connection with e°50% loed rejection

due to @ persistent OC line fault when powsr is transmitted
in bipolar mode and at the maximum permissible load. AL
the instant t = O, due to the load' rejection, she generator
output decreases very steeply while the AC frequency

(curve f.) starts ta rise &s a result of the kinetis emergy
increase {turb speed up on the e of
load reduction associated with each genersting unit).

A command is emitted at 500 ms by the MSC to increase the
DC power kransmission up to 1,25 IdN in the. healthy pole
in order to restrain the frequency rise, which réaches the
uppermost limit of 57,7 Hz in 4.sec. A MPC wodyle, of the
failing of the First re-enerpization sttempt determines
the necesaity and the tumber of gererators to be tripped
to limit the frequency rise and to assure sufficient
generating power to meet the pawer dsmand afterwards.

The command to trip some generators (the instant t4) causes
the AL frequency to very towards its nominal value and just
when the frequency crosses it on its way to its undershoot,
the generator output moves suddenly to zera and remains at
that value.for 1 seconc befare it restarts to generate.
That kind of discontinuity in power generation can be ex-
plainhed because of the fact that thara is no proper co-
ordination betwsen the control of the frequenty and the
application of the HVDC pverload an the healthy pole during
0% load rejection. Moreover, the frequency decreases at
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a very high rate after havirg reached its peak vaiue and

“that might- cause the frequency controller to command load

reductign.  ln other words,” the contrsl™of the Frequency
by the MPC is hot. adequately consistent with the actions

\
“taken to decresse the excess of kinetic power wheh a 50%
. load rejection hokes plscé. Several control strategies

have been suggested in order to elimindte the power .: -
discﬁntinuity.‘ "Freezing™ the guide vane angle at the peak
value ofe-the frequency and bverloading the healthy pole so
8s to create conditicds For a smooth decrease: of frequency
without uridesshioot When £+ G end 3F/dt > 0 wete discussed
s a solution to the problem, but.finally it was decided
to avercome the problem by the instaiintion of dummy resis-
tances tn shsord and dissipate the excess power ofy the

of load tejection. - (The dummy resistances, and
the -control system for lqadmg them when necessary hag el-
ready been designed but ncﬁ‘. yet put_in operation).

Fig. 10 shows the network AC Frefusncy and the iiportéd
power at the inverter end when 2 50% load rejection ocgues.

Valve Protection
5.6,1 Valve Firing Monitoring

The valves can carry current only for & limited
period of time, becauss after a certain extended
poriod of conduction they would be permanently
dameged.

1t is of vitel importance therefore to monitor
them continuously end also to waintuin under
control ull the pessible conditions which' could
csuse the valves te conduct longer than their
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permigsible conducting pericd of time,

The missiny of ‘a Firing pulpe can cause prolonged
conduction 6f a valve und ailso cammutation failure
with the consequences discdused in thé related
paragraphs, A control syskem (velve firing
monitoring} is-provided just to awnitor eech
Firing pulse from the point, of its generation to
the valve gate through the interwediate devices.
Should the Firing pulse dishppear or- fail to

reach the valve,.gate; the bridge with the aftfected
vaive whould be quickly shuf-town by the monitoring
system. i il

Differential ang fvercurrent Protgction

. T .
A differontial surrent detecling ul\it,nnd “n
overcurrent detecting unit sre used‘t%'ﬁbatect the
valves from dampging overlopds cnnseqﬁl‘yent on -flash-
overs occurring within the bridge are;a; or cldse by
on the DE line. ‘the diffsrentinl. chrrent. detecting
unit monitors the difference betwsen . burders voltage
representative of the bridge currents Flowing-in .
the: three-phase transformer: feeders and the yoltage
image of the current Flowing in the DC lire.:

If the difference between the two voltage values
exceedes:

8)  20% of the rated DC current For mote than 20
ms & fast bridge switshing oft (FASOF) is
initiated

* NOTC:  The voltuge valug represeniakive of the
bridge currents iy wbtuined by rectification
uf ench feeder current and by summating
the three products of vectification.




&) 80% of the rated DC current and ot the saue
time the veltage rapraaenti?\g the bridge
currents reaches & volue 1.2 tines the DC
rated current, instentpnecus tripping of the
overcurrent diverters is initiated, and the

. advance angle B is adjusted b0 30° (& 150°
st rectifier end) for the inverter whose
valves have to be protected from internsl
short cireuits or from short circuits
within the station range betwesn transFormers
and line smoothing resctor.

The difference 20% of the DE rated current represents
the threshold value which h:s:s been chosen to cause
the differential currvent prEteehinn operating in. .
the event the bridge sury
and Lhe danger of their exp{‘losiun way wiige (luﬁs

resters fail to reseal
serious fault).

The difference 80% of the DE rated cucrent inter-
locked with the bridge currenl representstion
bigger than 1.2 times of DC rated curvent is
normelly resched for very derious fault ( as those
In this event the differential
s to

shovenentioned).
protection op: the overeurrent di
divert the bridge currents into the circuit formed
by the secondary teils of yridge transformer and
the transformer feeders short-circuited by the
avercurrent diverter closure. Moreover & signal
to change-over {see Fig. 4,19 ) taB= 30° 't the
inverter (i = 150° ot rectifier) is issued in
vrder to provent any ocureent (rom cireuluting dr
the valves.

The overcurrent detecting units beck up the

* See paragreph 5.6.2 - Differential end overcur-
rent protection.

5.
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differentisl current protection; it operates the
overcurrent diverters and edjusts the firing angle
wheri the representative value of the bridge currents
reaches & setting value of 3,2 kimes Igy, which

is the maximum current to be expected on the occur-
rence of & short circuit at the beginning of the

BE line. . L o




SUMMARY AND CONCLUSION

Commutation fallures at the inverter bridge and line
faults are the most Frequent faults likely to occur on
e DC aystem {ssion end their may
compromise the sbaﬁility of the system, disrupt the Flow
of the power and endanger very important equipment of the
plant ss the valves snd the line:. For these reasons
they, and the protective devicés used to prevent furthes '
and undesiderable effects on the system, have bgen
discussed in greater detail.

Commutation failure of a bridge is normally a consegquence
of the distortion or s decrease in the AT system voltage
(externsl Fault). If the AC system voltage decreases

- - BE B-slow fote, the Ycontsoller.and-tap—ch trollen

(see Chapter 4} will be able to avoid commutation failure

by incteasing B in ordsr to keep {at rated value. The
g AC vollaege: drops at inverter busbar however ure in most
: of thercases the result of faults and disturbances on
the AC network, snd they teke place wifhin-mieroseconds.
Hhen very Fant changes in the AC veltage oceur, it is
still possible for the cantroller to react quickly to
the decrease OF‘(' beecsuse the speed of its action is
gensibly increased hy the rate of incresse of direct
current and the rate of decreese of AC:busbar voltage
(see Chapter 4, paragraph 3 ). In case of severe
foults on the AC network the effectivness of the
controller in combatting the occurrence of cammutation
Failure is in doubt, ang y tannot be prevented frem
falling below 9°.  Protection systems therefore have
been developed (commutetion failure deteciors), which
comes into operation whenever s comnutetion failure
aignal has been detected. At the Apolio inverter, the
actions perforwed by the commutation failure deteotor

oret




the issue af est and intercept pulses to
remove the short-gircuit scross the bridge

the setting nfpto B0® irf tHe bridge sffected
by commutakion failure

the current transmission on the related pole
is reduced toD,3 Igy

the bridge is btaken out of cperation in case of
repetitive failure or
when the duration of the disturbance in the AC
system overrides e certaim limit.

DC line faults are the most likely faults te cccur on 2
DC systen whera the converter stationa are conmected by
overhesd lines.

The lines cannecting Songo to pollv were frequantly
affected by this type of fault. During a perisd of
only sbout @ year {1979} when power was’ tranemitted
partly st ¥ 400 k¥ and partly at ¥ 533 kv, 300 flash-
overs were recorded. . This emphasises the importance
of the part of the control.equipment which protects the
line. * The action of the line prdhection eircuitry
always leads to the interruption of the power flow,
which mey be resumed after & certain number of re-
energizetion attempts, if the fault'is cleared.
Ciedrance of a line fault is obtained firstly by shifting
the rectifier firing angle to extinguish the fault
current, and secondly by maintaining the “null" power
condition for certain times to disperse the ionised air
before ssauming operation.
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CHAPTER 6

CONCLUSION -

6.1

Gérieral

s .
The -ofijective of this work was to co/dsct the fundamental
principles and thé problems related:sd a HVDY control system

end to organize them in a comprehensive, logical and concise

““structure, -in grder to facilitate the understanding of

important aspects of BC trakdmission. _

The subject watter has been divided into 3 cefitral chapters
covering : R N
a)." the general principles and the problems to bie overcame

", by the automatic téntrul, considering the DC trensnission

' system as a whole

b}.' the performance of the automatic-control in cornection
with the conversion process

c). the most common feults affecting e DU transmission
systeém and the protection devices used.

Thetufore thd complex control system of
‘Link has been discussed and presented aécording to & logical

VDU transmission

sequence in which the various actions of -tlie control system

are motivated.

The purpose of chapter 2 is te provide the background

knowledge necessary for a proper understanding of the aims
and the role of autometic control in DC power transmission.




The “Formulas and their dérivation have ‘been reduced to

the essential minimum, betetse; although of tmportance, they
are not the purpcse of this work. The intent to make the
diseuspion concise hes inévitably led to a limited and
abbreviated anaLy,ai%’ of "same: aspects of the HVDC contral
which/};éally desetve & more icomprehensive treatment.

HVDC controel and protection

fFrom discussion. in "the preceding vhapters it
should be eclear that in & HYDC transmission sy-
stem"gate conti"q\/!. of the cenverter .valves is

used pot only for the conversion of: power:from

AC to D or viceverss, but alscifoy’ the centrol
of DC power” trénsmission and for cledring faults
in the converters (commutation failure and: shart.
cirguits) and. on the transmiséion line. Mareover
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 cbnduction of tHs. valve can ceaseionly
thiuygh the acti::n of &n external cireuit, which
couses & reverse voltage-across the vélve that is
to be extinguished.

The circuit exterpal to the conducting valve is
formed by the nexi-valve ta be turned on and the
one which has to conduct for ancther 1/6 of the
firing cycle. In other words, the turning.on of
thexznext valve changes the voltage baldnbe ori the
bridge so as to permit the turning off of ‘the-val-
ve Lo be extinguished.

The.ignitiop of the valve is carried out by trigge-




ring Lheir gates with long dutation pulses, al-
lowing a continuous serigs circuit thraugh two
valves in each hrldge ,and thereby ensuring conti-
nuous-power transmxssinn.

The power transmission is cuntrclled so that the
current.ds’ held constant while the voltage varies
or the voltage is held constant whxle current va-
ries. These .operations are perFormed by two 1tem5
of cantrel equipment: the constant-current control-
ler lucated at the rectifier station and the con-
stant-extinction a’ngle(coéntruug/r at the }nverteg
station.

The constant-current controller measures the di-
rect current, compares it with a set value (re=
ference cutrent) and amphhes the difference
between the two values of current to produce a
functioﬁa.} error, 3
This error through a phase-shift ci:cuip cori
the ignition angle (delay angle ®) of the i«
fier valves so as toc hold the transmittedcur

rent constant. .

The constant-extinction-angle controller main--
tains the line voltage constant. To tohigve this, .
the constant-gxtinction angle contrellef regulates
the X;extinction angle at a prsdeteminedk,vslue‘
and rapidly restores it tp the desired value when
the network valtage changes.

To ‘avnid the current and the poyer transmisslan
dropping to zero in case of decresases of alterna-.
ting voltage or due to the loss of some bridge

at the rectifier end, the ipverker control system |
is‘algo equipped with a fast current controller,
set ak lower current than the rectifier contraller.

s A
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The current controller at the inverter end takes
over the current centrol when the system current
drops by about 15% of the rated clrrentj the vol-
tage control in this ecsse is performed by the
reqtifier current conmtroller.

The characteristic curves of & HVDC system trans-
miesion are deduped by the combined ections of
the current controllers snd the constantextin-
etion angle controller. N

The gate control of the valves is taken cver-by
several protettive devices during trarsiénts and
on the occurrénte of faults which may endanger the
apparatus and plant or hinder’a regular trénsmis--
sian’of .DC power. Important aspécts of DC prote~
ction and the related valve gate contrel have been
discussed in chapter 5.

Future directions

!
Prior” to the Cahbre Basss-Apolle scheme, HVOG schemes did
not use digitel techniques for the solution df problems
related 'to automatic control. -Many requirements for RVDC
convertér control-were met by the use of new Higitbls
techniques at the converter stations at Songoand Apollo.
This simplified the converter control circuitry, and has
greatly reduced the influence of inherent noise and external
disturbences' an the firing and monitoring signkls. - Moreover,
the use of this technique provides a fast respense of.the
basic controis, and the performence of fixed logic togsther
with well defined waveforms and firing meke testing and fault
finding easy. Other parts of the cohverter controly however;
make extensive use of electromegnetic logic which is &ffected
by sir pollution and electro-chemical deterioration.




Other feature of the converter control at the Songo and
Apéllo stationrs 18 the long distance which the several control,
protedtion and monitoring signals heve to travel before
reaching their destinations. This compromises. the compactnegs
of the converter ccntroi circuit, and while the use of
different $ignel .tréhsfer techniques (pulse transfommers,
isolating emp)ifiers, $creened cables and fibre aptics)
protect ‘the signals fromiexternal interfererice, they also
cause distortion end alteration of the'signals. Expensive
outdeor processors are required to re-shape and re-phase

the distorted signals. The long distances also retuce the
effectiveness of the monitoring channels, sometimes causing
problems with the determination and loealisation of. parficular
outdoor faults. .

A possible further development of the Songo-Apallo actomatic
contral system would be. the replacement of the analogue
cireuits for the vemputation of errot functions, eg. the
differerice between set and system direct current (eurrent
contrallers) and between set and actudl values (y controllers)
with digital circuits. The latter provide firing angle
eorrection by firat converting the error function inte 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 & profound influence on.
control systems of future HVDC schemes, and by their appli-
eation, many of the aforementioned problems asssaciated
with the Songo-Apolle control system will be overcomes
Automatic control systems ysing micro-processors for Firing
engle correction, and for the gensration of protection
signels, in conjuncticn with & purely fibre optic signal
transmission technigue, heve already been designed. A
large part of this design work was contributed by the
University of Weterloo {Ontaric, Canada).




The bold Cahora Basse-Apollo hydroelectric scheme and the
Songo-Apollo DC transmission sytem, despite the adverse
affect that the unstable poiitital situating in Mozembique
hes had on its perrormsnca, isa mxlesta#\e in the nof =20
well krwn or documented fisld of OC powér tréhgmission.

The behaviour .of the system is very useful for the formation
of operating, control and protection philnsophms whieh could
be applied ta Iutura schenes.
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