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Note: Answer any FIVE full questions, choosing ONE full question from each module.

Module-1
Define “FACTS Controller”. (03 Marks)
Explain the basic types of FACTS controllers, with neat sketch. (07 Marks)
List the possible benefits from FACTS Technology. (06 Marks)
OR
Explain the limitations on transmission line loading capability. (06 Marks)
Enumerate the relative importance of controllable parameters. (06 Marks)
Present in perspective : HVDC or FACTS. (04 Marks)
Module-2
What are the important objectives of shunt compensation? (04 Marks)
With the help of a two — machine system, explain how shunt compensation can help in
improving transient stability. (07 Marks)
Explain with suitable sketch, the single phase operation of Thyristor Switched Reactor
(TSR). (05 Marks)
OR
Explain with suitable, diagram the switching type VAR generator. (07 Marks)
Why voltage slope is provided in the V — I characteristics of SVC and STATCOM?
(04 Marks)
Compare the V — I characteristics of SVC and STATCOM. Any two points. (05 Marks)
Module-3
What are the important objectives of series compensation? (04 Marks)
With neat sketch, explain the concept of series capacitive compensation. (07 Marks)
Write a note on : TSSC. (05 Marks)
OR
Explain with suitable sketch, how voltage stability of a radial system canbe improved using
static series compensation. (08 Marks)
Explain the operation of Static Synchronous Series Compensation (SSSC) with the help of
suitable sketch, (08 Marks)
Module-4
List five important advantages of HVDC. (0 Marks)

Explain with neat waveform the operation of the three phase bridge converter with turn — on
angle ‘o’ but no overlap. Derive the expression for the average output , direct voltage Vg.
(07 Marks)

What is multi — terminal HVDC? What are the different types of multi — terminal HVDC?
(04 Marks)
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OR o
8 a. Explain with suitable sketches the different types. of two terminal HVDC links. (07 Marks)

. What are the applications cf HYDC? I (04 Marks)

c. Explain 12 pulse converter with suitable sketch ) (05 Marks)
Module- _ Lo

¢ a What are the desired features of HVDC control? (05 Marks)

b. Explain with suitable sketches, the control curves of rectifier and inverter in a two terminal

rlancc of current margm W|Eh ‘the combined characteristic.

iy, - {07 Marks)

¢. Explain briefly what is conunu’tatmn failure. - {04 Marks)

10 a. Explain with the help'"of control characteristics how reversal of power flow 1s achieved in a

Line Commutated Thyristor Converter. (07 Marks)

b. Enumerate five: 1mporta11t control functions:of a HVDC system. (05 Marks)

¢. Write a note. on = Voltage stability and Reactwe Power, (04 Marks)

Solution

1a) FACTS Controller

' but”
> FACTS - not o /,‘mﬁeo. /9\/-8?" Pow(/\ wvﬁoﬂm e
collechon o covbellos = vonl op@\a'il ndivi duowg Cdb(

“oVlggkively ko 0djusk | conbrl ore S MO

indes vel afed! potowrdets -

| pdhtomic chips]. cixets - Thaniatots — bosic all.

wgh powet. dlactieric conbpllons — fugiblet €D hugh Forst ;m,:‘

: b \ 2= votiig
%Fﬁcrsfﬂimbwwpom clese fo 15

> rot a gubsinll et wrech i cal o

““ﬂ?(lm"‘ﬁd By vapid mespersc e =

1b)




~

P § FACTS combyy
¥ 8o conholla  k @uek  x Condlied Aondes - deuns.
* Combivied  vvier _ gyt conholle .

ews conholes.

= 3euws condwller cam b o ——\-—@._-ﬂ'l"

Vosiable  npedahe, SUh @ €@ voucor

= Al aie cenhvollew eek Vi sois with bo g,

= vanabl lx:l: ﬁamae‘ it asb.o ‘o\o}— o "‘j%h"g a VO'Pagc

N g
oy e,@wﬁd Viein phose %odm.hag_ with.  die T | 9,&,3 Q-
conbl , some ot avple, cam Conhyl o) Pewer kg

MC&MGM —-_‘}___
S cam Je o vasioble z |

owiable  wmuts el %
= injogs T Wk e Line .
—> |V\jecjed T quadrahue ot e owﬂa A contr |
e X5 M‘ﬁﬁ veo) pewe  cConbt qlis

Basic



Combined  Axits - senies - conhlex | - - = -

> combinabion @ @paate series ‘ ﬁ;; Ac Jumar
contolles - conholled in o e Y
cosrdinatid womer W a mudbiline A N
Kovsmission gm '

L Suis conholos supply @ for cach Bonk 4 sand pows
o/mtmsflma '

> Rod power onefor copolillly - nuffomed to s riteline Fouen
Pow  conhollus [badascss bt P 2 @ Fou

Cornbined m—mmlh '
.awnr\lma}w@nr% soigx 2 Ak

conbyolly, .
3y w\\&zdj both Vo i

FACTE  contvoller With  atoge 50 o Ac.
- Conho\less ba“‘"w%d Convestess WV o &&W

= Somebine , coubwlly ate provded  with et
__)mwgm mm\%wwo&

= Enugy thaaeg/m -neded  when Qch\ae PR i 'Mt"ed
Ao poues  Row




1c)

{Nuo\ Por Bavg Wission  Heconneckoyy - RABENE q(('l.O.Mh% conshaingl
by tvams. Cepackly
o pood powee Pt 1 load owdex inede do L ol P

,30«446429 ot

s Pews hrows nasien Capa%‘&_]—ww Wahen %Wnuohe‘
- hwww—eﬁbmm(,&waﬁ% v oa Wgwma}iehmaxa
s cesk  of hiownsnissien Ling 4 fower - Gt the owatalle

rgueriniron.  Copocty |

- s Ranfs gews, P becomes mere complex o opdle .

- e wome

%WWW)W%‘%P%W)W]%

inadkquote  centvl 09%’ ,

- Powe 2usloims -ﬁ@«a«im% conholled -

5 el it ache defick - camnol be, TWohuted M@

WAL s suk opekly |

8

> pacTs Yedudogy - contrillimg P4 edroinces e  Stalbiliy
- Use § FACTS conhollig, — enalXe e WP@wobwea sz{o_w
Soth w vewnal 4+ conbinguicy MHWJ&

2a)



pooding capoblily o o hamemission A — fimitakiens

» Thewmal o« Diecliic x sty -
% lorge T flow - mewe lowes Tn fhe fom aghalr,’} condurchot
lernperokuss — kg Yeduces muchonicel Shunglf  of e CBnduchor
¥ Taesmold  Manni W‘h U‘Psmambw W@\o}w,w‘w{
condifion , condition O e conductor % gwd ceosronce .
.xNovv\'Arv& YO)"‘% o o Qv dw%aue’{& ot
3 MO.Q Wemo~ ) !
+ 000 -Sine c.u_ompdi» P“’S‘W Anat  com calendoda W
IooAivva c«paﬂﬂ%d basd on owoilable Qumbienk e Yonmenka)  Condus
b et Joodinq sty - avalfatie - ‘ ‘
® On . nd Wﬂibﬁv\g d,u)\wm G,QM: ‘ o
contml Yt powt %ow : |
y fnetsg WO% Com Ao waed Fo WL@QZ conho !
M porwer flow,



Diefechic M"‘—
% F o gn nowinad V vakrg , b b opfen powibl b T
Voltage uplo  Tio-].
¥ Dgrowi¢ & wandek OV alio doudd e ensusd fhod e,
are  withon Himil - . _ 1
r%cﬂ COW\ oo bt wed fo entue accephalls OV"'I
pousts flowo condifions |
QoG -
s Tvansont sabitly - Dpeande Malilly  x BMM ol
=7 collapw > Volloge  collopa —»W&ww Onan,

2b)
8% Rlatie impothance & cobiodlabie Wm“‘
*WW‘QCMZ'X-MN@{WWJ |
Am\ﬁa?c%a/‘gﬂﬂ—CoMQfP hwjgmu)

: As‘wtwﬂaw%,ae n geiies with line | injeckion 4 6

dome ofisi phaset - Conkl hoth P & in e fnie
Combinolion & i Lime z contn! with o sis corolly
V"u'&gé‘ﬁgv’d"‘onuﬁ*&a erﬁaﬁhx—weﬁécﬁwh
conkrl  peth P oG | ]‘5\:!
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IN PERSPECTIVE: HVDC OR FACTS

It is important to recognize that generally HVDC and FACTS are complementary
technologies. HVDC is not a grid network in the way that an ac system is, nor is it
expected to be. The role of HVDC, for economic reasons, is to interconnect ac systems
where a reliable ac interconnection would be too expensive.

There are now over 50 HVDC projects in the world. These can be divided into
four categories:

1. Submarine cables. Cables have a large capacitance, and hence ac cables require
a large charging current (reactive power) an order of magnitude larger than
that of overhead lines. As a result, for over a 30 km or so stretch of ac
submarine cable, the charging current supplied from the shore will fully load
the cable and leave no room for transmitting real power. The charging current
flowing in the cables can only be reduced by connecting shunt inductors to
the cable at intervals of 15-20 km, thus requiring appropriate land location.
With HVDC cable on the other hand, distance is not a technical barrier. Also,
the cost of dc cable transmission is much lower than that of ac which works
to HVDC’s advantage to cover new markets for long distance submarine
transmission. In this area, FACTS technology (e.g., the UPFC) can provide
an improvement by controlling the magnitude of one of the end (e.g., the
receiving-end) voltages so as to keep it identical to that of the other one. In
this way, the effective length of the cable from the standpoint of the charging
current can be halved. This approach may provide an economical solution
for moderate submarine distances, up to about 100 km, but for long distance
transmission HVDC will remain unchallenged.

2. Long distance overhead transmission. If the overhead transmission is long
enough, say 1000 km, the saving in capital costs and losses with a dc transmis-
sion line may be enough to pay for two converters (note that HVDC represents
total power electronics rating of 200% of the rated transmission capacity).
This distance is known as the break-even distance. This break-even distance
is very subject to many factors including the cost of the line, right-of-way,
any need to tap the line along the way, and often most important, the politics
of obtaining permission to build the line. Nevertheless, it is important to
recognize that while FACTS can play an important role in an effective use
of ac transmission, it probably does not have too much influence on the break-
even distance. Thus, the principal role of FACTS is in the vast ac transmission
market where HVDC is generally not economically viable.

3. Underground transmission. Because of the high cost of underground cables,
the break even distance for HVDC is more like 100 km as against 1000 km
for overhead lines. Again, FACTS technology probably does not have much
influence in this break-even distance. In any case, to date there have been no
long distance underground projects, either ac or dc, because, in an open
landscape, overhead transmission costs so much less than underground trans-
mission (about 25% of the costs of underground transmission). Cable transmis-
sion, on the other hand, has a significant potential of cost reduction, both in
the cost of cables and construction cost.

4. Connecting ac systems of different or incompatible frequencies. For historical
reasons, the oceans in effect separate the globe’s electric systems into 50 Hz
and 60 Hz groups. The 60 Hz normal frequency pervades all the countries of
the Americas, excepting Argentina and Paraguay. Those two countries and
all the rest of the world have a 50 Hz frequency except Japan, which is partly
50 Hz and partly 60 Hz. In general, the oceans are too huge and deep to
justify interconnections of 50 and 60 Hz systems. Thus there is a limited
market for HVDC for connecting 50 and 60 Hz systems.
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1. long dlstance bulk power transmission
underground or underwater cables
3. asynchronous interconnection of AC systems operatmg at different frequencxes or where

“independent control of systems is desired.
control and stablhzatmn of power flows in AC ties in an 1ntegrated power system

- LR * i

b

The first two applications are dictated primarily by the economic advantages of DC
transmission, where the concept of break-even distance is important. To be realistic, one must
also assign a monetary value for the technical advantages of DC (or penalty costs for tie
drawhbacks of AC). The problem of evaluation of the economic benefits, is further complicated by
the various alternatives that may be considered in solvin; problems of AC transmission—phase
shifters, static var systems, series capacitors, single pole switching ete.

The technical superiority of DC transmission dictates its use for asynchronous inter-

' connéctions, even when the transmission distances are negligible. Actually there are many Tack
to back’ (BTB) DC links in existence where the rectification and inversion are carried out in the
same converter station with no DC lines. The advantage of such DC links lies in the reduction

of the overall conversion costs and improving the reliability of DC system.
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HVDC Multi-Terminal. This refers to an HVDC system that consists of three or more
transforming stations. Its architecture is more complex compared to that of a two terminal
point-to-point system. It requires a significant complexity to facilitate communication and
control between each transforming station. However, it 1s considered to be a relatively new
technology and has potential for a wide range of applications in the future. There are two types
of multi-terminal links — a parallel or serial type, as shown in Figure 1.18.
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Figure 1.18 HVDC multi-terminal.

8a) Any two HVDC Links with neat diagram

1.4.1 Types of DC Links
The DC links are classified into three types which are defined below:

1. Monopolar link (see Fig. 1.4 (a)) has one conductor usually of negative polarity and use
ground or sea return. Sometimes metallic return is also used. '

2. Bipolar link (see Fig. 1.4 (b)) has two conductors, one positive and the other negative.
Each may be a bundled conductor in EHV lines. Each terminal has two sets of converters
of identical ratings, connected in series on the DC side. The junction between the two
sets of converters is grounded at one or both ends. Normally, both poles operate at equal
currents and hence there is zero ground current flowing under these conditions.

3. Homopolar Link (see Fig. 1.4(c)) has two or more conductors all having the same polarity
(usually negative) and always operated with ground or metallic return.

Because of the desirability of operating a DC link without ground return, bipolar links are
most commonly used. Homopolar link has the advantage of reduced insulation costs, but the
disadvantages of earth return outweigh the advantages. Incidentally, the corona effects in a DC
line are substantially less with negative polarity of the conductor as compared to the positive
polarity. ‘

The monopolar operation is used in the first stage of the development of a bipolar line, as
the investments on converters can be deferred until the growth of load which requires bipolar
operation at double the capacity of a monopolar link.
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The detailed comparison of AC and DC transmission in terms of economics and technical
performance, leads to the following areas of application for DC transmission:

:
2.
3.

8¢)

long distance bulk power transmission

underground or underwater cables
asynchronous interconnection of AC systems operatmg at different ﬁ'equencles or where

"independent control of systems is desired.

control and stabilization of power flows in AC ties in an integrated power system.
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9a)

(a) Symmeltry of valve turn-on angles during steady state operation.

(b) Ability to determine the turn-on angle using the commutation voltage and margin
minimum reactive power consumption by the converter without incurring commutation
failure.

(c) Insensitivity to the variations in voltage and frequency of the AC transmission system.

(d) Ability to predict the optimal turn-on time based on the actual system voltage and the DC
current without causing commutation failure.

(e) Current control scheme with a sufficient margin of speed and stability to handle either a
change in the reference value or a disturbance.

9b)
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4.2 Commutation Failure

Commutation failure is an unavoidable problem in any type of DC power transmission system
using thyristors. The commutation failure causes many problems to the valves, the reactive
power of HVDC systems as well as the operation of the protective relays and so on. So, it
should be investigated thoroughly before the systemis designed. A thyristor is a device that has
turn-on capability, but no turn-off capability. The only way to turn it off 1s to apply a reverse
voltage to it.



Commutation Failure in 3-Phase Ground Fault. Figure 4.15 shows the inverter commuta-
tion process and the effect of a sudden commutation voltage reduction. The voltage-time
domain, ‘A’ shown in Figure 4.15 is given as follows (& + p = 180° —y):

TH D] 5]
A= j‘l \/:Esin (wt)dot = V/:EE [ — cos (wt); "

— \/EE [cos (@) —cos (a+p)] = % (cose +cosy) (4.12)

If the 3-phase commutation voltages were suddenly and symmetrically to decrease, the
voltage—time area for the commutation margin which is fixed, cannot be fulfilled. It means

\ . . \ =

py

(a) (b)

Figure 4.15 Change in turn-off angle of a thyristor due to the decreased commutation voltage of the
inverter: (a) 3-phase fault; (b) single-phase fault.



that the end of commutation will extend into the time period of the normal commutation
margin:

F ot E E'  cos ~08
E(cnﬁm:—{—::tm’) :E(cusa—kms‘y’), f:% (4.13)

where E' is the new commutation voltage after the commutation voltage reduction and ' is the
new turn-off angle after the commutation voltage reduction

Basically, Equation 4.13 determines the critical turn-off time and the reduced commutation
voltage (E'/E) when a commutation failure occurs. If the current increases and the firing angle
remains constant when commutation failure occurs, the basic equations for the current can be
derived as follows:

E
I = T, [cos a—cos (a+ u)]

B (4.14)
I = 75x. [cos a+ cos Y]

where X¢= commutation inductance and o + p=m—7.
If the DC current remains the same while the voltage decreases, then Equation 4.14 can be
rewritten as follows:

EJ’

e
d NG

(cosa+cosy') (4.15)

c
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4:3.1 Basic Characteristics

The basic principles of the control of DC link have been stated in the previous section.
The control characteristics of both stations are illustrated in Fig. 4.2 which shows the

a

/ g
h
Fig. 4.2 Conventer controller characteristic

DC voltage at the station II versus DC current. Each station characteristic has three parts
as given below:

Station Station II Type |
be 8[ constant current

cd f fc minimum Y

. -
— -



HVDC Power Iransmission, 8 .
)
o

isti int A) determines the
on of the two characteristics (POI" Mode
operation-Station I operating as rectifier with constant current control and s‘aﬁon:;
operati at constant minimum) extinction anglc: T
Thz::gm o mme("wdcs of operation of the link (for the same direction of
flow) depending On the ceiling voltage of the recuﬁ.er which determines the pojp, .
intersection of the two characteristics. These are defined below : of
1. OC atrectifierand CEA L inverter (operating point A) which is the normal -

of operation. s : :
2. With sljghldipintheAC voltage, the point of intersection drifts toC which imy;
minimum a at rectifier and minimum 7y at the inverter. 16y
the mode of operation shifts to pojn

3. With C voliage at the rectifier,
; Tier with minimum o at the rectifier.

which implics
The characteristic ab has, generally, more negative slope than characteristic fe f,
This is because of the fact that the slope of ab is due 1: u:

similar values of R and R .
hile the slope of fe is due to R .. However, for low SCR

combined resistance (R, + R ) W
at the inverter, the slope of fe could be more negative than that of ab.

80
The intersecti
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4.4 HVDC Control Functions

Figure 4.32 shows the control system block diagram of a conventional HVDC system
and Figure 4.33 shows the major components of an HVDC terminal and their allocation to
converter group, terminal pole and HVDC terminal. According to this organization, it is
possible to arrange the various control functions according to the actuator elements used.

Therefore, an HVDC system consists of a master control, pole control and phase control.
Control functions which use the major variables of the HVDC system — DC current or DC
voltage — as control variables can also be assigned to a higher system level. Their hardware
implementation is, however, always assigned to the control devices used in the terminal. For
example, current control of an HVDC terminal with two converter groups per pole connected in
series is hierarchically assigned to the pole level (upper half of Figure 4.33) but to the group
level in an HVDC station with two parallel converter groups per pole (lower half of
Figure 4.33).

Hierarchically, the master control is the uppermost control in the HVDC system, and it
determines the filter switching mode for reactive control, the frequency control and the
dynamic control of an AC network (Figure 4.34).

The pole control receives the signal for the control mode and power transfer direction from
the master control, which sends the corresponding control signal to the phase control. The pole
control includes the current control, voltage control and power control.

The phase control, which controls the converter of the HVDC, generates the control angle a.
The function of the trigger device is to convert the control angle into the twelve trigger pulses
for a 12-pulse converter group.
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4.5 Reactive Power and Voltage Stability

Voltage Stability and PowerTransferLimits of AC Lines. Figure 4.37 is a simplified represen-
taton of a long AC line system having substantial effective series reactance from remote
generation to the load point: the line shunt capacitance effects are taken into account simply by
the equivalent reactance shown. Normal operation of the system, without any outages, does not
usually produce major problems with control, or maintenance of a rated voltage of 1.0 pu with
varying loads because of the availability of var supply from local generation and alsolead power
factor correction capacitors. The transmission system is then designed to have adequate steady-
state and transient stability margins to maintain synchronism between the remote and local
generation, using series capacitor compensation and power system stabilizers if necessary.

Normal design practices for security of supply require consideration of outage conditions,
for example, on one of the lines under maintenance (meaning the so-called (n—1) condition). It
durmng such an outage, a severe fault condition arises which resulted in loss of all, ora large part
of, local generation, the maintenance of voltage stability at the loads becomes a major design
and operational consideration since the remaining transmission circuit may be incapable of
carrying the full load requirements.
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Figure 4.37 (a) Simplified AC transmission system and (b) its Thevenin equivalent circuit.



Reactive Compensator. The reactive power compensating device in an HVDC system
adopts a capacitor bank to achieve an economical efficiency and a prompt response time.
However, as the load increases, turning on/off the capacitor with a hysteresis switch causes the
instantaneous AC voltage to be irregular and 1t performs reactive power compensation with
discrete values rather than with continuous values. Such an operation has no significant impact
to a high-SCR system but in a smaller system, it forces the AC voltage to be significantly
unbalanced. Thus, instantaneous reactive power compensation devices are indispensable for
such a low-SCR system.

Secondly, when a disturbance such as HVDC power interruption or line-ground fault occurs
in the AC side of an HVDC system being operated normally, the problem of overvoltages 1s
created. Since the HVDC system may not be able to function, the overall AC active power will
be decreased compared to the normal condition. However, the operating sequence of the
capacitor 1s larger than the time required for the above mentioned disturbance to occur. In
general, the AC voltage increases by a factor of 1.5-2pu. At this time, the reactive power
compensation device should absorb the reactive power at a much higher rate in order to
decrease the overvoltage in the AC system.



