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1. DC Power Transmission Technology

1.1 INTRODUCTION

The industrial growth of a nation requires increased consumption of energy, parucularly
electrical energy. This has led to increase in the generation and transmission facilities 10
meet the increasing demand. In U.S.A,, till the early seventies, the demand doubled
every ten years. In developing countries, like India, the demand doubles every seven
years which requires considerabie investment in electric power sector.

The imperative of supplying energy at reasonable costs coupled with the depleting re-
serves of non-renewable energy sources has led to the establishment of remote gener-
ating stations - predominantly fossil-fuel fired thermal stations at pit head. Environ-
mental considerations also sometimes dictate the siting of power stations at remote
locations. Large hydro stations are invariably at distances of hundreds of kilometres
from load centres. The need to economize on costly investments in generation reserves,
sk ar'ng of benefits in utilising variability in generation mixes and load patterns have
given rise Lo interconnection of neighbouring systems and development of large power
grids.

Remote generation and system interconnections lead to a search for efficient power
transmission at increasing power levels. The increase in voltage levels is not always fea-
sible. The problems of AC transmission particularly in long distance transmission, has
led to the development of DC transmission. However, as generation and utilisation of
power remain at alternating current, the DC transmission requires conversion at two
ends, from AC to DC at the sending end and back to AC al the receiving end. This
conversion is done at converter stations - rectifier station at the sending end and inverter
station at the receiving end. The converters are static—using high power thyristors
connected in series to give the required voltage ratings. The physical process of
conversion is such that the same station can swilch from rectifier 1o inverter by simple
control action, thus facilitating power reversal.

The HVY DC transmission made a modest beginning in 1954 when a 100kV, 20 MW
DC link was established between Swedish mainland and the island of Gotland. Unul
1970, the converter stattons utilised mercury arc valves for rectification. The successful
use of thyristors for power control in industrial devices encouraged its adoption in
HVDC converters by development of high power semiconductor devices, The largest
device rating is now in the range of 5 kV, 3000A. The highest transmission voltage
reached 15 2600 kV.

The relative merits of AC and DC iransmission are reviewed in the next section.
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2 HVDC Power Transmission System

1.2 COMPARISON OF AC AND DC TRANSMISSION

The relative merits of the twb modes of transmission (AC and DC) which need to be
considered by a system planner are based on the following factors :

1) Economics of transmission
2) Technical performance
3) Reliability.

A major feature of power systems is the continuous expansion necessitated by in-
creasing power demand. This implies that the establishment of a particular line must be
considered as a part of an overall long term system planning,

1.2.1 Economics of Power Transmission

The costof a transmission line includes the investment and operational costs. The invest-
ment includes costs of Right of Way (RoW), transmission towers, conductors, insula-
tors and tegminal equipment. The operational costs include mainly the cost of losses.

The characteristics of insulators vary with the type of voltage applied. For simplicity,
if it is assumed that the insulator characteristics are similar for AC and DC and depend
on the peak level of voltage applied with respect to ground, then it can be shown that for
lines designed with the same insulation level, a DC line can carry as much power with
two conductors (with positive and negative polarities with respect to ground) as an AC
line with 3 conductors of the same size. This implies that for a given power level, DC
Line requires less RoW, simpler and cheaper towers and reduced conductor and insulator
costs. The power losses are also reduced with DC as there are only two conductors (about
67% of that for AC with same current carrying capacity of conductors). The absence of
skineffect with DC is also beneficial in reducing power losses marginally. The dielectric
losses in case of power cables 1s also very less for DC transmission.

The Corona effects tend to be less significant on DC conductors than for AC and this
also leads to the choice of economic size of conductors with DC transmission. The other
factors that influence the line costs are the costs of compensation and terminal equip-
ment. DC limes do not require compensation but the terminal equipment costs are
increased due to the presence of converters and filters.

T AC

COSTS

n--ﬂhﬁ
%

DISTANCE —
d®: break-even distance

Fig. 1.1 Variation of costs with line length.
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DC Power Transmission Technology 3

Figure 1.1 shows the variation of costs of transmission with distance for AC and DC
transmission, AC tends to be more economical than DC for distances less than ‘break
even’ distance and costlier for longer distances. The break even distances can vary from
500 to 800 km in overhead lines depending on the per unit line costs.

1.2.2. Technical Performance

The DC transmission has some positive features which are lacking in AC transmis-
sion. These are mainly due 1o the fast controllability of power in DC lines through con-
verter control. The following are the advantages :

1. Full control over power transmitted
2. The ability toenhance transient and dynamic stability in associated AC networks.

3. Fastcontrol 1o Eimil_ fault currents in DC lines. This makes it feasible o avoid DC
breakers in two terminal DC links.

In addition, the DC transmission overcomes some of the problems of AC wansmis-
s10on. These are descnbed below:

Stability limits
The power transfer in AC lines is dependent on the angie difference between the volt-

age phasors at the two ends. For a given power level, this angle increases with distance.
The maximum power transfer is limited by the considerations of steady state and tran-

GC

POWER

DISTANCE =~ —»

Fig. 1.2 Power transfer capability vs. distance,

sient stability. The power carrying capability of an AC line as a function of distance is
shown in Fig. 1.2. The same [igure also shows the power carrying capability of DC lines
which is unaffected by the distance of transmission.

Voltage control

The voltage control in AC lines is complicated by the line charging and inductive volt-
age drops. The voltage profile ina AC linesrelatively flatonly for a fixed level of power
transfer corresponding to surge impedance loading (SIL). The vollage profile vanes with
the line loading. For constant voliage at the line terminals, the midpoint voltage is re-
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4 HVDC Power Transmission Sysiem

duced for line loadings higher than SIL and increased for loadings less than SIL. This
is shown in Fig. 1.3.

F*‘E‘ P= 5.
Ve=V V, P>Fh vpsVv
l %= distance from the mfhng
X = .
: — 1 - | = length of the line

Fig. 1.3 Variation of voltage along the line,

The maintenance of constant voltages at the two ends requires reactive power control
from inductive to capacitive as the line loading is increased. The reactive power require-
ments increase with the increase in line lengths,

Although DC converter stations require reactive power related 1o the line loadings,
the line itself does not require reactive power.

The steady-state charging currents in AC lines pose serious problems in cables. This
puts the breakeven distance for cable transmission around 40 km.

Line Compensation

For reasons mentioned earlier, AC lines require shunt and series compensation in
long distance transmission, mainly to overcome the problems of line charging and
stability limitations. Series capacitors and shunt inductors are used for this purpose. The
increase in power transfer and voltage control is also possible through the use of Static
Var Systems (SVS).

In AC cable transmission, it is necessary to provide shunt compensation at regular
intervals. This is a serious problem in underwater cables.

Problems of AC interconnection

When two power systems are connected through AC ties (synchronous interconnec-
tio1), the automatic generation control of both systems have 10 be coordinated using tie-
line power and frequency signals. Even with coordinated coftrol of interconnected sys-
tems, the operation of AC ties can be problematic due to (i) the presence of large power
oscillations ‘which can lead to frequent tripping (it) increase in fault level (iii) trans-
mission of disturbances from one system to the other.

The conirollability of power flow in DC lines eliminates all the above problems. In
addition, for asynchronous DC ties, there is no need of coordinated control.

It is obvious that two systems which have different nominal frequencies cannot be
nterconnected directly with AC ties and require the usé of DC links.
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DC Power Transmission Technology 3
Ground impedance

In AC transmission, the existence of ground (zero sequence) current cannot be per-
mitted in steady-state due to high magnitudes of ground impedance which will not only
affec efficient power transfer, but also result in telephone interference. The ground im-
pedance is negligible for DC currents and a DC link can operate using one conductor with
ground return (Monopolar operation). The ground return is objectionable only when bur-
ied metallic structures (such as pipes) are present and are subject to corrosion with DC
current flow.

It 15 to be noted that even while operating in the monopolar mode, the AC network
feeding the DC converter station operates with balanced voltages and currents. Hence,
single pole operation of DC transmission systems is possible for extended periods, while
in AC transmission, single phase operation (or any unbalanced operation) is not feasible
for more than a second.

Disadvantages of DC transmission
The scope of application of DC transmission is limited by the following factors ;

The difficulty of breaking DC currents which results in high cost of DC breakers
Inability to use transformers to change voltage levels

High cost of conversion equipment

Generation of harmonics which require AC and DC filters, adding 1o the cost of
converter stations

5. Complexity of control

el ol

Over the years, there have been significant advances in DC technology, which have
tried to overcome the disadvantages listed above except for (2). These are :

1. Development of DC breakers

Modular construction of thyristor valves

Increase in the ratings of thynistor cells that make up a valve

Twelve pulse operation of converters

Use of metal oxide, gapless arrestors

Applicauon of digital electronics and fiber optics in control of converters

o Lhls i b

Some of the above advances have resulted in improving the reliability and reduction
of conversion costs in DC systems. It can be said without exaggeration that complexity
of control does not pose a problem and can actually be used to provide reliable and fast
control of power transmission not only under normal conditions but also under abnormal
conditions such as line and converter faults. This has removed the need for DC current
interruption in two terminal links. Even for multi-terminal operation, the requirements
of current ratings of DC breakers are modest due to effective converter control.

1.2.3 Reliability

The rehiability of DC transmission systems is quite good and comparable to that of
AC systems. An exhaustive record of existing HVDC links in the world is available from
~which the reliability statistics can be computed. It must be remembered that the
performance of thyristor valves is much more reliable than mercury arc valves and
further developments in devices, control and protection is likely to improve the
reliability level. For example, the development of direct light triggered thyristors (LTT)
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6 HVDC Power Transmission System

isexpected to improve reliability because of elimination of high voltage pulse transform-
ers and auxiliary supplies for tuming on the devices.

There are two measures of overall system reliability-energy availability and transient
reliability

Energy availability
This 1s defined as |
equivalent outage time
Energy availability = 100 (1- ) %
total time

where equivalent outage time is the product of the actual outage time and the fraction of
system capacity lost due to outage.

Transient reliability

This is a factor specifying the performance of HVDC systems during recordable
faults on the associated AC sysiems

100 x No. of umes HVDC systems performed as designed
No. of recordable AC faults

Recordable AC system faults are those faults which cause one or more AC bus phase
voltages to drop below 90% of the voltage prior to the fault. It is assumed that the short
circuit level after the fault is not below the minimum specified for satisfactory converter
operation.

Both energy availability and transient reliability of existing DC systems with thyris-
tor valves is 95% or more.

The average failure rate of thyristors in a valve i1s less than 0.6% per operaung year.
It is common practice 10 provide redundant thyristors in the series string composing a
HVDC valve, so that failed thyristors can be replaced during scheduled maintenance
(once or twice a year). The maintenance of thyristor valves is also much simpler than the
earlier mercury arc valves.

Transient reliability =

Table 1.1 HVDC Outage Statistics

— L L LT e ——————

Equipment MTTF(years) MTTR{hours)
Thyristor group 13.7 6.1
Conventer transformer 16.1 1700.0
Smoothing reactor 76.8 1700.0
DC filter 19.7 7.9
AC filter 12.6 9.3
Master conurol 25.0 6.9
Pole control 9.0 8.6
Pole of transrmission hne 1.25/1 00} km 1.5
DC line switch 147.2 7.8

MTTF = Mean ume 1o failure
MTTR = Mean time W repair

Some of the HVDC cutage statistics 1s given in Table 1.1. In comparing the reliability
of various alternatives, it must be kept in mind that bipolar DC line can be as reliable as
a double circuit AC line with the same power capability. This is because of the fact that
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IC Power Transmission Technology 7

failure of one pole does not affect the operation of the other pole (with ground return).
If the DC line conductor has adequate overload rating and if the converters on the failed

pole can be paralleled with the converiers on the healthy pole, the prefault power level
can be matntained even with permanent outage of one pole.

1.3 APPLICATION OF DC TRANSMISSION

The detailed comparison of AC and DC transmission in terms of economics and tech-
nical performance, leads to the following areas of application for DC transmission:

1. Long distance bulk power transmission
2. Underground or underwater cables

3. Asynchronous interconnection of AC systems operating at different frequencies
or where independent control of systems is desired

4. Control and stabilization of power flows in AC tes in an integrated power system.

The first two applications are dictated primarily by the economic advantages of DC
transmission, where the concept of breakeven distance is important. To be realistic, one
must also assign a monetary value for the technical advantages of DC (or penalty cosis
for the drawbacks of AC). The problem of evaluation of the economic benefits is further
complicated by the various alternatives that may be considered in solving problems of
AC transmission - phase shifters, static var systems, series capacitors, single pole
swiiching elc.

The technical superiority of DC transmission diclates its use for asynchronous inter-
connections, even when the transmission distances are negligible. Actually there are
many ‘back to back’ 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.

The alternative to DC ties may require strengthening of existing AC network near the
boundary of the two systems. This cost can be prohibitive if the capacity of the Lie re-
quired is moderate compared to the size of the systems interconnected.

In large interconnected systems, power flow in AC tes (particularly under distur-
bance conditions) can be uncontrolled and lead to overloads and stability problems thus
endangering system security. Strategically placed DC lines can overcome this problem
due to the controllability of power. The planning of DC transmission in such applications
requires detailed study to evaluate the benefits.

Presently the number of DC lines in a power grid is very small compared 1o the num-
ber of AC lines. This indicates that DC transmission is justified only for specific appli-
cations. Although advances in technology and introduction of multi-terminal DC
(MTDC) systems are expected to increase the scope of application of DC transmission,
it is not anticipated that AC grid will be replaced by DC power grid in future. There are
two major reasons for this. Firstly, the control and protection of MTDC systems is very
complex and the inability of voltage transformation in DC networks imposes ecogpmic
penalties. Secondly, the advances in DC technology have resulted in the improvement
of the performance of AC ransmission, through introduction of static var systems, static
phase shifters, etc.
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The rate of growth of DC transmission was slow in the beginning. In over 16 years,
only 6000 MW of DC systems were installed using mercury arc valves. The introduction
of thyristorvalves overcame some of the problems of system operation mainly due to the
arc backs in mercury arc valves. Since then, the rate of growth of DC transmission ca-

pacity has reached an average of 2500 MW/year,

The details of the HVDC transmission schemes in existence or under construction are

given in Table 1.2,

1.4 DESCRIPTION OF DC TRANSMISSION SYSTEM

1.4.1 Types of DC Links

The DC links are classified into three types which are defined below :

]d—n

HE— ¥

e 3

g5
}_;F 1
s gt 1

% I 1
l | —_— 1
.—————.—.—a..q—-l--l-l--"

I-i—-l-r-

—3-
q_.l

i

{=) () HOMOPOLAR

Fig. 1.4 DC link configurations.

1. Monopolar link [see Fig. 1.4 (a)] has one conductor lusua'llyr of negative polarity
and uses ground or sea return. Sometimes metallic return is also used.
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12 HVDC Power Transmission System

2. Bipolarlink [see Fig. 1.4 (b)] has two conductors, one positive and the other nega-
tive. Each may be a double conductor in EHV lines, Each terminal has two sets of
converters of identical ratings, in series on the DC side, The junction between the
iwo sets of converters is grounded at one or both ends. Normally, both poles op-
erate 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 ol 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 polanity of the conductor as com-
pared o the positive polanty.

The monopolar operation is used in the first stage of the development of a bipolar line,
as the investments on converters can be deferred unuil the growth of load which requires
bipolar operation at double the capacity of a monopolar link.

1.4.2 Converter Station

The major components of a HVDC transmission sysiem are converler stations where
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Fig. 1.5 Schematic diagram of a typical HVDC convener siation,
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DC Power Transmission Technology 13

conversions from AC to DC (Rectifier station) and from DC 1o AC (Inverter station) are
performed. A point to point transmission requires two converter stations, The role of rec-
tifier and inverter stauons can be reversed (resulting in power reversals) by suitable con-
verter control.

A typical converter station with two 12 pulse converter units per pole, is shown in Fig.
1.5. The various components of a converter station are discussed below.

Converter unit

This usually consists of two three phase converter bridges connected in series to form
a 12 pulse converter unit as shown in Fig. 1.6. The total number of valves in such a unit
are twelve, The valves can be packaged as single valve, double valve or quadrivalve
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Fig. 1.6 A Twelve pulse converter unit

arrangements. Each valve isused o switch in a segment of an AC voltage waveform. The
converter 15 fed by converter transformers connected in star/star and star/delta arrange-
ments.

The valves are cooled by air, oil, water or freon. Liquid cooling using deionized water
is more efficient and results in the reduction of station losses. The ratings of a valve group
are limited more by the permissible short circuit currents than steady state load require-
menis. The design of valves is based on the modular concept where each module con-
tains a limited number of series connected thyristor levels.

Valve firing signals are gencrated in the converter control at ground potential and are
transmitied to each thyristor in the valve through a fiber optic light guide system. The
light signal received at the thyristor level is converted to an electrical signal using gate
drive amplifiers with puise transformers. ‘

The valves are protected using snubber circuits, protective firing and gapless surge
arresters. Some of the details of the control and protection of thyristor valves are given
in chapter 2.
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14 HVDC Power Transmission System
Converter Transformer

The converter transoformer can have different configurations - (i) three phase, two
winding, (ii) single phase, three winding, (1i1) single phase, two winding. The valve side
windings are connected in star and delta with nentral point ungrounded. On the AC side,
the transformers are connected in parallel with neutral grounded. The leakage reactance
of the transformer is chosen to limit the short circuit currents through any valve.

The converter transformers are designed to withstand DC voliage stresses and in-
creased eddy current losses due to harmonic currents, One problem that can arise is due
to the DC magnetization of the core due to unsymmetric firing of valves.

In back to back links, which are designed for low DC voltage levels, an extended delta
configuration can resuit in identical ransformers being used in twelve pulse converter
units. This results in the reduction of the spare capacity required. However, the perform-
ance of extended delta transformers in practice is still to be tested.

Filters
There are three types of filters used :

1. AC filters : These are passive circuits used to provide low impedance, shunt paths
for AC harmonic currents. Both tned and damped filter arrangements are used.

2. DC filters : These are similar to AC filters and are used for the filtering of DC har-
monics. !

3. High frequency (RF/PLC) filters: These are connected between the converter
transformer and the station AC bus to suppress any high frequency currents,
Sometimes such filters are provided on high-voliage DC bus connected between
the DC filter and DC line and also on the neuiral side.

Reactive power source

Converter stations require reactive power supply that is dependent on the active
power loading (about 50 to 60% of the active power). Fortunately, part of this reactive
power requirement is provided by AC filters. In addition, shunt (switched) capacitors,
synchronous condensors and static var systems are used depending on the speed of
control destred.

Smoothing reactor

- A sufficiently large series reactor is used on DC side to smooth DC current and also
for protection. The reactor is designed as a linear reactor and isconnected on the line side,
neutral side or al intermediate location.

DC switchgear

This is usually a modified AC equipment used to interrupt small DC currents (em-
ployed as disconnecting switches). DC breakers or metallic return wansfer breakers
{(MRTRB) are used, if required for interruption of rated load currents.

In addition to the equipment described above, AC switchgear and associated equip-
ment for protection and measurement are also part of the converter station,
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DC Power Transmission Technology 15
1.5 PLANNING FOR HVDC TRANSMISSION

The system planner must consider DC alternative in transmission expansion. The fac-
tors 1o be considered are (i) cost, (ii) technical performance, and (1i1) reliability.

Generally, the last two factors are considered as constraints to be met and the
minimum cost option is selected among vanious alternatives that meet the specifications
on technical performance and reliability.

For submarine, cable transmission and interconnecting two systems of different
nominal frequencies, the choice of DC isebvious. In other cases, the choice is to be based
on detailed techno-economic comparison.

The considerations in the planning for DC depends on the application. Two applica-
tions can be considered as representative.

These are:

1. Long distance bulk power transmission
2. Interconnection between two adjacent systems

In the first application, the DC and AC alternatives for the same ievel of system se-
curity and reliability are likely (1o have the same power carrying capability. Thus the cost
comparisons would form the basis for the selection of the DC (or AC) alternative, if the
requirements regarding technical performance are not critical.

3 e

{a) TWO TERMINAL DC LINK

P i |

Ib} BACK TO BACK DC LINK ALONG
WITH  AC FEEDER

TI®

lc) BACK TO BACK DC LINK AT
BORDER

Fig. 1.7 Different configurations for asynchronous interconnection.
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16 HVDC Power Transmission System

In the second application, AC interconnection poses several problems in certain
cases. For the same level of system security (and reliability), the required capacity of AC
interconnection will be much more than that for DC (even ignoring the beneficial aspects
of DC power modulation). Thus the choice for DC interconnection will be based on the
following considerations.

1. Small fluctuations in the voltage and frequency do not affect the power flow which
can be set at any desired value.
2. The system security can be enhanced by fast control of DC power.

Having settled on the DC link for interconnection, there are three possible configu-
rations for interconnecticn. These are:

1. A two terminal transmission where each terminal is located at a suitable place
somewhere within the'network and connected by a DC overhead line or cable.

2. Aback to back HVDC siation (also called HVDC coupling station) located some-
where within one of the network and an AC line from the other network to the com-
mon station.

3. A back to back station located close to :he border between the two systems. This
1s a special case of the above.

These are illustrated in fig. 1.7.

Inthe choice between the firstand second configuration, 1tis to be noted that converter
costs are less for the common coupling station and the AC line costs are greater than the
DC line costs. If the distances involved are less than 200 km, the second configuration
is 10 be preferred. If the short circuit ratio (SCR) is acceptable, then the third alternative
will be the most economic.

The specifications and design of DC system require an understanding of the various
interactions between the DC and AC systems, The interruption (or reduction) of power
in a DC link can occur due to (i) DC line faults (ii) AC system faults.

The speed of recovery from transient DC lines faults is of concern in maintaining the
integrity of the overall system. The power flow and stability studies are used in this
context. The recovery of DC link from AC system faults is more complex. The
depression of AC voltage at the inverter bus ¢an lead to commutation failure and loss of
DC power. The DC power is ramped up on the clearing of the fault. Too fast an increase
in DC power output can lead to the reduction of AC voltage and failure of commutation
(due to corresponding increase in the var demand). An optimum rate of increase in DC
power can be determined from stability study. This is influenced by control strategy and
system characteristics.

The following aspects also require a detailed study of the system interactions.

1. Var requirements of converter stations
2. Dynamic overvoltages
3. Harmonic generation and design of filters
4, Damping of low frequency and subsynchronous torsional oscillations
, 3. Carrier frequency interference caused by spiky currents in valves (at the beginning
of conduction) due to the discharge of stray capacitances and snubber circuits.

The converter control plays a major role in these interactions and the control strategy
should be such as to improve the overall system performance. Digital simulation and
HVDC simulators are used for planning and design studies.
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DC Power Transmission Technology 17
Choice of voltage level

For long distance bulk power transmission, the voliage level 1s chosen to minimize
the total costs for a given power level (P). The total costs include investment (C,) and
cost of losses (C,). The investment costs per unit length are modelled as

C,=A+A nV+A ng (1.1
where

V is the voltage level with respect to ground

n is the number of conductors
q is the total cross-section of each conductor
A, A, and A, are constanis.

The cost of losses per unit length is given by
C,= (n(P/nV)? pTLpl/q (1.2)
where

p = conductor resistivity

T = total operation time in a year
L = loss load factor

P = COSt per unit energy

C, can be simplified as

% optimum system vollage
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line cost

LINE COSTS
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Fig. 1.8 Selection of Optimum System Voltage for A Fixed Power Transfer.
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DC Power Transmission Technology 19

instead of the conventicnal FZ (float zone) method. Research is also underway in
reducing this packaging cost of a device.

Converter Control

The development of micro-compuler based converter control equipment has now
made it possible to design systems with completely redundant converter control with
automatic transfer between systems in the case of a malfunction. Not only is the forced
outage rate of conirol equipment reduced but it is also possible o perform scheduled
preventive maintenance on the stand-by system when the converter is in operation. The
use of a mini-simulator will make it feasible 10 check vilal control and protection
functions.

The micro-computer based control also has the flexibility to try adaptive control
algorithms or even the use of expert systems for fault diagnosis and protection.

DC breakers

With the development and testing of prototype DC breakers, it will be possible to go
in for tapping an existing DC link or the development of new MTDC systems. Parallel,
rather than series operation of converters is likely as it allows certain flexibility in the
planned growth of a system. The DC breaker ratings are not likely to exceed the full load
ratings as the control intervention is expected to limit the fault current.

The control and protection of MTDC systems is not a straightforward extension of
that used in the two-terminal DC systems. The possibility of decentralized control
necessitated by communication failure, the coordination of control and protection are
some of the issues currently being studied.

Conversion of existing AC lines

The constraints on RoW are forcing some utilities to look into the option of converting
existing AC circuits to DC in order to increase the power transfer limit. There could be
some operational problems due to electromagnetic induction from AC circuits operating
in the same RoW.

An experimental project of converting a single circuit of a double circuit 220 KV line
is currently under commissioning stage in India.

Operation with weak AC systems

The strength of AC systems connected 10 the terminals of a DC link is measured in
terms of short circuit ratioc (SCR) which is defined as

SCR = Short circuit level at the converter bus
Rated DC power

If SCR is less than 3, the AC system is said to be weak. The conventional constant
extinction angle control may not be satisfactory with weak AC system. The recovery of
inverters following the clearing of fault in the connected AC system can also be
problematic.

Constant reactive current control or AC voltage control have been suggested 10
overcome some of the problems of weak AC systems. The use of fast reaclive power
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Thyristor Valve 23

where o, and o, are the common-base current gains and / ., and f_, . are the common-
base leakage currents of T, and T, respectively. From (2.1) 10 (2.3), we have
| = {II IG ¥ ICBEII ¥ fﬂﬂm
4 TR

(2.4)

A silicon transistor has the property that & is very low at low emitter current and rises
rapidly as the emitter current builds up. When the device isoff,/, =0, and 7, will be the
leakage current. If it is possible to raise the emitter currents of I’ and T, such that (a,

+ 0.,) approaches unity, then the device triggers into saturation. "There are several means
of achieving this :

1. Injecuon of gate curent (normal turn-on)

2. By increasing the forward voltage above a limit, V,_ called break-over voliage. In
this case, the minority-carrier leakage current at middle junction increases due (o
avalanche effect.

3. By increasing the anode voltage at a rate such that the depletion layer capacitance
at the middle junction will create a displacement current (dv/dr tuini-on).

4. At ahigh enough junction lemperature, the leakage current incréases and causes
a wrn-omn.

5. Direct irradiation of light on silicon creates electron-hole pairs, which under the
influence of electric field result in a curreént o trigger the thyristor.

Triggering the device into saturation is called tum-on.Controlled turn-on without
damaging the device is only feasible through gated turn-on. The device remains in a
conducting state until the current is maintained by the circuit action, above the holding
current. During this period, the gate has no control on the conduction. The turn-off
process which results in the deivee regaining its blocking state is achieved either by :
(1) line commutation or {1i) forced commutation.

In both cases, the circuit voltage source is reversed which in turn will drive the current
to zero. After a ume lapse of . the turn-off time, the voltage can be reversed again, when
the device regains its blocking state,

2.2.3 Device Characteristics

The device can be in one of the three following states :

(i} Forward biased and blocking
(i) Forward biased and conducting
(iii) Reverse biased and blocking,

The transition from the first to the second state 15 called turn-on, while the transition
from the second to the third state is called turn-off. The characteristics of the device refer

to the parameters of the device both in steady-state and transient conditions (during the
transition of state).

Steady state characteristics

Off-State : The voit-ampere charactenistics of the device are shown inFig. 2.3. During
the off-state (both forward and reverse blocking), only a small magnitude of leakage
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Thyristor Valve 27

thyristors are used to limit di/dt, particularly arising from the discharge of current due
to stray capacitances and snubber circuits.

There are three phases of turn-on shown in Fig. 2.6. The delay ime is associated with
the establishment of regenerative action in response 1o the gate current. Its duration
depends upon the level of the gate drive. Regeneration is well established during the rise
time. The current continues to increase during the spread-time. The losses during the
spread time can result in increase of 10-20% of that predicted for normal conduction
using on-state voltage of the thyristor, The spreading phase may last over hundred micro-
seconds.

Ungated turn-on can occur due to overvoltage, dv/dt or incomplete forward recovery.
This 1s to be avoided because of the damage it can cause to the device. Proiective tum-
on by applying a gate pulse whenever the possibility of ungated turn-on is detecied, is
usually adopted.

Turn-off : All the three junctions are forward biased during on-state and the base
regions contain excess minority and majority charge. This charge must either be swept
out by an electric field or decay through regenerative processes within the silicon.

When the circuit voltage is reversed, the current falls to zero at a certain rate. Once
the current reaches zero, the flow reverses, since the minority carrier concentration at the
junctions can support this current by diffusion without build-up of depletion layer. The
peak value of this reverse current is reached when the excess hole concentration at the
anode junction has fallen 1o zero. At this time, the voltage across the thyristor reverses
with the development of the depletion layer and the current decays in a near exponential
manner as a result of charge recombination within the n-base region. The decay of
current is dependent on the mean life-time of carriers in the a-base region. The tum-off
process is shown in Fig. 2.7.

VoM

Recpplied dv
dt

Yaru

Fig. 2.7 Tum-off charactenstics

Immediately after current zero, a thyristor is unable to support forward voltage.
Gradually, the thyristor acquires some forward blocking capability but its ability to
withstand forward dv/dt is severely imited. Off-state dv/dt capability is attained only
after a millisecond or so-has elapsed from current zero. This characteristic is circuit and
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Thyristor Valve 31

Thus each thyristor level is independent, sharing only a duplicated light source at the
ground potential.

The valve control unit also includes many monitoring and protective functions. The
return pulse system coupled with short pulse firing scheme is used in present day valve
control units. A separate light guide is used to send a return pulse whenever the voltage
across a thyristor is sufficient and the power supply unit is charged. If at that ime, firing
pulses are demanded from the valve control, the hight signals are sent to all the thynstor
control units simultaneously.

During normal operation, only one set of light pulses are generated ina cycle foreach
valve, However, during operation at low direct currents, many light pulses are generated
due to discontinuous current.

2.3.3. Valve Design Considerations

The design of the valve must consider the voltage and current stresses that occur
during normal and abnormal conditions. The overvoltages across a valve may be
generated internally during switching action or the result of exiemal causes such as shori
circuits on AC and DC systems. The fundamental frequency dynamic overvoltage is
crucial in determining the voltage ratings and this arises when the load is thrown off due
to blocking of converters. The magnitude of the dynamic overvoltage is dependent on
the AC system strength,

The overcurrents in a valve arise from short circuits across a valve or a converter
bridge. The surge current rating of a valve is limited both by transformer leakage and
system impedances. The transformer leakage impedances have been reduced 100.12 pu
with higher rated devices.

The overload rating of a valve is a function of the size of the device as well as ambient
temperature and the cooling system. For example, it is possible to increase the direct
current by 20% for a decrease in ambient temperature by 8°C, with water cooling.

The losses in a valve include (i) the losses during on-state and switching losses, (i)
damper and grading circuit losses and (iit) losses due to auxiliary power required for
cooling. The resistances of the damper and grading circuits are also watercooled. Their
losses are functions of converter delay and overlap angles.

The calculation of intermally generated overvoltages and the design of valve compo-
nents such as damper circuits is facilitated by digital computer programmes which can

——

tips)

valve last thyristor
fired ' fired

Fig. 2.12 Voltage on last finng thynstor.
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Thyristor Valve 35

The typical current waveform in the damper circuit is shown in Fig. 2.17. This shows
that the current is appreciable only around the voltage jumps which are 8 in number in
a cycle.

T Rqz 22 N
Cq= 321F
a = 90°

S0t TERLY

DAMPING CIRCUIT CURRENTI(A)
o

~100

100 160 200 250 300 350
wt{DEGREES)

Fig. 2.17 Computed damping circuit current waveform

2.3.5 Valve Protection
Overvoltage Protection

A HVDC valve must be designed to withstand (a) internal and (b) external overvolt-
ages. The causes for the intemnal voltages have been mentioned in the previous section.
The external sources of overvoltage across a valve can be due to (1) lightming and
switching surges, (ii) dynamic overvoltages caused by load rejection, (iii) low order
harmonic resonance in the AC system, and (iv) injection of AC voltage on the DC line
duoe to converter faults.

Zinc oxide, gapless DC surge arresters across a valve can protect the valve against
transient overvoliages. The overvoltage in the forward direction can be controlled by
protective firing of the thyristors in a valve. This is achieved by utilizing the voltage
sensitive switching action of a high voliage break-over diode across each thyristor. The
protective firing thus is independent for each thyristor level. If there is some malfunction
in the main firing system, the protective firing circuit is designed to work as a back-up,
working continuously until the next mainienance period.

The overvoltages in the forward direction can also arise from partial recovery of a
valve following tum-off process, (in inverters). In bypass pair mode operation, uneven
distribution of voliage in a series connected string can arise due to dispersion in the
holding current (/,) of the thyristors. In such cases, forward dv/dt protection is also
required by sensing the dv/dr measured across a level and turning on the devige if the
threshold is exceeded. The threshold dv/dt level can be made a function of the juncuon

temperature.
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Thyristor Valve 39
The criteria for the success of a type test are the following :

1. Not more than 1% of thyristors have failed

2. No failure of electronic or other components .

3. Thereare no disruptive discharges across dielectric material, cooling tubesorlight
guides,

2.5 RECENT TRENDS

The recent developments are expected to improve reliability and reduce the cost of
HVDC valves. These are mainly :

1. Development in high power semiconductor devices - these include direct light
triggered thyristors (LTT) and metal- oxide semiconductor controlled thyristors
(MCT)

2. Better cooling techniques such as forced vaporization (two phase flow) as ameans
of reducing thermal resistance between the heat sink and the ambient.

3. Suspension of quadrivalve assembly from ceiling to withstand seismic forces.

Light Triggered Thyristor [3, 4, 8, 18]

Both in USA and Japan, high power, high voltage LTT have been developed and
tested. LTT has the following advantage over electrically triggered thynistors (ETT).

1. Infinite gate 1solation

2. Total noise immunity for the control circuit

3. Faster turm-on time

4. Elimination of high voltage pulse transformers and auxiliary power supplies.

The light sources used are either gallium arsenide light emitting diodes (LED) or laser
diodes.

One of the problems of LTT is the reduced di/dt rating. This problem can be solved
by (i) a separate gate LTT to fire an ETT or (ii) controlled LTT turn-on. The electrical
equivalent of the lauer is shown in Fig. 2.18.

K
Ry R2 I
%‘ — GATE PILOT MAIN
2[‘ SCR SCR SCR
]
o
A

Fig. 2.18 Light inggered thynstor

Although the power supply circuits (at the thyristor level) in LTT are eliminated, the
overvoltage protection circuits are still required. To improve the system reliability, it
would be advantageous to eliminate these also. With this objective, a novel LTT with
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Analysis of HVDC Converters - 43

voltages onto the DC circuit. One possible configuration for a "p* pulse converter is
shown in Fig. 3.2. A valve can be treated as a (controllable) switch which can be wrned
on at any instant, provided the voltage across it is positive. A diode 1s an uncontrolled
switch which will turn on immediately after the voltage becomes positive whereas the
thyristor switching can be delayed by an angle o (alpha). The voliage sources are
actually obtained from the transformer secondary windings. The opening of the switch
(both for diode and thyristor) occurs at the current zero (neglectng the tum-off ume).

The output voltageV', of the conventer consists of a DC component and a ripple whose
frequency is determined by the pulse number.

3.2 CHOICE OF CONVERTER CONFIGURATION

The configuration for a given pulse number is selected in such a way that both the valve
and transformer (feeding the converter) utilization are maximized.

The configuration shown in Fig. 3.2 is not the best. In general, a converter configu-
ration can be defined by the basic commutation group and the number of such groups

il
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Fig. 3.3 Converter made up of senes and parallel connection of commutation groups

connected in series and parallel (sce Fig. 3.3). If there arc ‘¢” valves in a basic

commutation group and r of these are connected in parallel and s of them connected in
series, then

p=g rs (3.1)

(Note: A commutation group 1s defined as the group of valves in which only one
(neglecung overlap) conducts at a time).
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Analysis of HVDC Converters 47
a+60°

Average dc vﬁllﬂgﬁ=vd =&3— J \/'E_Eu sin {wt + 60°%) d ot

o

=T?;.\/EE
" 3}:’2_

d

, Leos (@+60°) - cos (o + 120%)]

Eu msu:!.ESEIL COS O

=V , 08O (3.8)

Equation (3.8) indicates that for different values of «, V is vaniable. The range of o
is 180° (from 0° 1o 180°) and correspondingly V, can vary from V, to - V. Thus the
same converter can act as a rectifier or inverter depending upon whether the dc voltage
is positive or negative. It is to be noted that this is based on the assumption of continuous
conduction of current by any valve over the 120° interval.

DC Voltage Waveform

The dc voltage waveform contains aripple whose fundamental frequency is six times
the supply frequency. This can be analysed in Fourier series and contains harmonics of
the order

h=np

where p is the pulse number and n is an integer.
The rms value of the h™ order harmonic in dc voltage is given by

/2
V =V V2 [1+(.&E— !) sinzu]] (3.9)

h deo 2

h -1

The waveform of the direct voltage for different values of o are shown in Fig. 3.5.
The waveforms of the valve voltage are also shown in the same figure. The figure shows

NN V-l = b
L wed\/\
I-ntj’ o of o

Fig. 3.5 DC and valve voltage waveforms
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Analysis of HVDC Converters 31

Note that the solution given in (3.20) is obtained from the imtial condition

i, (ot =0) =0 (3.22)
Atwt= 0+ u,i; =1, This gives
I,=1 [cos a—cos (o + u)] (3.23)

The waveforms of direct voltage and the valve currents during commutation for a
rectifier and an inverter are shown in Fig. 3.9(a) and 3.9(b) respectively. It is to be noted

s I
that during commutation, the instantaneous dc voltage is —5—¢. instead of (e, - ).

/: | {\\
e
! K d“_—q“ T
{a) F‘— ___XE—.?_

¥
(b)

Fig. 3.9 Voltage and current waveform dunng firing of a valve (a) rectifier (b) invener

3

.—-H‘-n

Average Direct Voltage

The average direct voliage can be obtained as

X+ @+ 60 ° _!
Vd=% j iacd{mrﬂ I (Eb"ﬂt)d(m”—l
a + 60 Q+u
2e +e
=-g- j Ehd(ﬂﬂ}-j 52 d{w?)
i 4 i
@ +60* 0 i e —¢e
b a
=3 J ehd(m:)-j ( > )d{mf}
i X x
=V cusun-—j -\/_E sin wtd(wi?)
=V . Cﬂsﬂ-—’\/EE [cosa - cos (@ + u)] (3.24)
Since = \/_E =V . we get
Vda
V, == [cosa +cos (a+ u) (3.25)

d 2
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Analysis of HVDC Converters 55

The harmonics in the direct voltage are also altered due to overlap. It can be shown

that
1%:,—":{1 [F’+G’ - 2FG cﬂs(2u+u)]}”2 (3.39)
do
where
mﬁ(hﬂ% 0s (h ~ 1Y
== n - ST )

Fig. 3.14 Vanation of DC veltage harmonics with overlap

v
Figure 3.14 shnws[,;r‘-i-] for different values of u and o.

e

(ii) Three and Four valve conduction mode

Although two and three valve conduction mode is the normal mode of operation,
during DC line faults oradip in th= AC vohiage, it 1s likely that the overlap angle u would
be larger and may exceed 60°.

When the overlap angle exceeds 60°, the minimum number of valves conducting are
three and there are intervals when four valves are conducting. This i1s because when a
commutation process is started, the previous commutation process is not yetcompleted.
For example, when valve 3 is [ired, the valves 1, 6, and 2 are sull conducting. The
equivalent circuit for this condition is shown in Fig. 3.15.

x h

~ Fig. 3.15 Equivalent circuit for four valve conduction
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Analysis of HVDC Converiers 59

For mode (2) u = 60°. For u = constant, the characteristics are elliptical and the
equation is given by

2 2
Ve /,
L R . (3.53)
Cﬂﬂ‘-f Sll'l-i
Vv i
where Vo = 2% [~ =_¢
I T

Equation (3.53) follows from the following relations

-1 - .
F;-z[msu+cn5{u+u}] '::ams{muz)uczr:rs.2 (3.54)
f:=-;—[m5u-ms(u+u}]=sin (u+ﬂ;)sin% (3.55)

1
% T T ﬁi =
Fig. 3.19 Convener V, -~ I characteristics
The boundary for the rectifier operation is shown in Fig. 3.19. The coordinates of

points A, B, C, D and E on the boundary are given in Table 3 2. The point E corresponds
to the maximum power cutput of the converter.

Table 3.2 Boundary of Rectifier Characteristics

ARSI e Tl Pracel St T e el Uil i of 1 ettt B S e S TPl N S

Point a " a": v,
A 0 0 0 1.0
0 60° 0.25 0.75
_ 3 3
C 30° 60° - o
1
D 30y 120" 5y 0
= L] 1 vj_
: s w7 T
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Analysis of HYDC Converiers 63
Effect of Source Reactance on converter without AC filters

When the source reactance is not zero and no AC filters are provided (see Fig. 3.22),
the operation of either bridge is affected by the commutation process taking place in the

viy "

i —g g—ﬂ;‘f\—— 2
= é_qw\_" x

Yia

Fig. 3.22 A 12 Pulse convener unit with source reactance included

other bridge. In this case, the operation of the twelve pulse converter is quite complex
and there could be two additional modes (i) 5 valve conduction and (ii) 6-7-8-7 valve
conduction. Also there could be a new mode of 5-6-7-6 valve conduction (instead of 6
valve conduction), depending on the value of a coupling factor K defined by

x ¥
K = R (3.62)
] T

The different modes of operation as a rectifier are summarized in Table 3.3. The
inverier operation has only 4 major modes with 3 sub modes corresponding to the first
3 modes. The various modes for the inverter operation are summarized in Table 3.4, The
effect of the common source inductance for the two bridges results in additional dents
in the valve voltage waveforms, caused by the commutation in the adjacent bridge. A

o'

» ol

1 | |
60° 120° 180

o=150" ,u=15",6 =15°

Fig. 3.23 Valve Voliage 4-5 Valve Conduction Mode of Inversion

- typical valve voltage waveform is shown in Fig. 3.23 D" and D' are the two additional
dents caused by the common source reactance.
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Analysis of HVDC Converiers 67
where C=[0:1]
From considerations of symmetry, we have

x, (0)=1{51x(T) (3.70)
where §_ is a constant matrix.
After some manipulations, we get

5 0)=0"g @3.71)
where

AT -t) At
Q=[I“+I_S.E 271 'IK!E 11]

e =180 {[x, @) + O crngiy + by - 1 x5, )}

and ¢, is determined from the nonlinear equation
(C] {xsl () + :’{’ [E-lﬂ’ —~xsl(ﬂ}]} =0 (3.72)

Once ¢, is calculated, the initial condition x,(0) and the steady-state solution using
equations (3.66 and 3.67) can be obtained. This is best achieved through a digital
computer program in which the state transition matrix ¥ and the forced response xs(f)
‘are evaluated. | |

Analysis for a six pulse convertor with Filters

The method outlined earlier is illustrated with the analysis of a six pulse convert
system shown in Fig. 3.24, At the converter bus, four single tuned and a high pass filter

= Lg Ry LE Ry | L Rg
€
Lefe Ly Ly Ly ? 51 Aﬁ ﬁﬁ
u
Rs$ Ry3 Ry Rp K
ﬁﬁ‘rc?lcllr: L
Le R T —
N =G A 0\ Vac T
ke
LiiLg Ly I.“i ?‘:" h T
R
Re 3 A3 Ays R H j’;‘.
5 7 1 13
TCs TC TCN TG L8 LA
_gd" Li F!;"I"' LF ﬂ!

LB LELEBY TH
5 neLe s
ﬂ!i F",i Ry “‘:si n“

Tl rCl1 siuTrin
p

Fig. 3.24 Six Pulse converter including AC filters
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&
04 |
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Fig. 3.26 Steady-staie current waveforms

{h) CURRENT IN HIGHPASS FILTER
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Analysis of HVDC Converters 75

a= 15°, f:%:ﬁﬁ}{z

The waveforms of AC and DC voltages across the capacitors in the filter arms are
shown in Fig. 3.27,

The waveform of DC current and consequently the valve winding current 1s also
dependent on the source impedance. This 18 brought out by varymg the source
impedance. For the 3 different values of the source impedances, the current in the valve
winding is shown in Fig. 3.28. The detailed analysis of converter iscomplex and requires
knowledge of the AC and DC system parameters. Also, the solution is obtained
numertcally which varies with the system parameters. Except in sitvations where an
accurate calculation of harmonics i1s required, it is adequate to use the results of the
simplified analysis,
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Converter and HVDC System Conirol 79

transition from CEA to CC takes place whenever the link current starts falling. To avoid
the clash of two current controllers, the current reference at the inverter is kept below that
at the rectifier by an amount called the ‘current margin’, This is typically about 10% of
the rated current.

The power reversal in the link can take place by the reversal of the DC voltage. This
is done easily by increasing the delay angle at the station initially operating as the
rectifier, while reducing the delay angle at the station initially operating as the inverter.
Thus, it is necessary (o provide both CEA and CC controllers at both terminals.

The on-load tap changer control at the inverter is used mainly to maintain a constant
DC voltage (when the inverter is in CEA control). The tap changer control at the rectifier
is designed to maintain the delay angle within certain limits (say 10° to 20°) in order 10
maintain certain voltage margin for the purposes of current control. A voltage margin of
3% is generally considered to be adequate to meet any sudden demand for the increase
in the link current.

The feedback control of power in a DC link 1s not desirable for the following reasons:

1. Atlow DC voltages, the currentrequired is excessive o maintain the required level
of power. This can be counter productive because of the excessive requirements
on the reactive power, which depresses the voltage further.

2. The constant power characteristic contributes to negative damping and degrades
dynamic stability.

4.3 CONVERTER CONTROL CHARACTERISTICS

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
1
E o
[ “bh‘"-l-.__ h
Ul Tl T la
""""-.._.EC e
f_.ﬂnnstr.lﬂ
i Iy
[ =

Fig. 4.2 Converter controller charactenstic

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

Station | Station 11 Type
ab hg  minimum o
bc ef constant current

cd fe minimum y
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System
l Control
Fre-!
Maoster | Communication
Control ™ to remote terminal
t :rei
Pole | Pole 1]
VGC VGC vGC VGC

VGC - Valve Group Control
Fig. 4.7 Hierarchical Control Structure for a DC link

The pole control also incorporates pole protection, DC line protection and optional
converter paralleling and deparalleling sequences. The master controller which oversees
the complete bipole includes the functions of frequency control, power modulation, AC
voltage and reactive power control and torsional frequency damping control. It also

Disturbing
Magnitude
-
Y- meas. 8 | Y 3 B
Circuit Yact Y+ Controller
1IFﬂ‘:l
— —— — ]
Selector E-EM .._E
lg
C ontroiler ™
T,
I margin Switch S closed for inverter

Fig. 4.8 Block diagram of pole and converer controllers
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Voltage controlled osciliator
g sl e o o i S S
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H'*J;n o Comp. }—] Pulse ing
4 = Gen. : counter
k
I

SRR | S, T J

Vi

i
I
I
Ve + |
+

— — e — —

Fig. 4.11 Block diagram of PFC system

The output pulses of the generator drive the ring counter and also resetihe integrator. The
instant (1 ) of the firing pulse is determined from the following equations:

4
_f KV, +V)d =V, | (4.10)
£

where V| is a bias (constant) voltage and V, is proportional to the system period.
In steady-state, V_= 0, and from Eq (4.10) we get

K V-t )=V, (4.11)
Since

t~t .= lpf, (4.12)
in steady-state, the gain K| of the integrator is chosen as

K,=pfVilV, (4.13)

The circuit shown in Fig. 4.11 does not incorporate frequency correcuon (when the
system frequency deviates from f ). The frequency correction according o Ainsworth
is obtained by deriving V, as shown in Fig. 4.12. From Fig. 4.12, we have

V.=V /(1+8T), V,=KV (-t )

tne1 Sample 1
L “1_[ —— and L T+ 5T _..“3
tn-2 hold

Fig. 4.12 Frequency correction for PEC
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Converter and HVDC System Control G1

The bypassing of the bridge can be done with the help of a separate bypass valve or
by activating a bypass pair in the bridge (two valves in the same arm of the bridge). The
bypass valve was used with mercury arc valves where the possibility of arc backs makes
it impractical to use bypass pairs. With thyristor valves, the use of bypass pair is the
practice as it saves the cost of an extra valve.

The process of deenergization of a bridge is explained with reference to Fig. 4.15. The
valves 2 and 3 are assumed to be conducting initially when the blocking command is

L
TT1,

Fig. 4.15 A converier bridge with isolators

given, With the selection of bypass pair 1 and 4, the commutation from valve 2104 is
in the usual manner, but the commutation from valve 3 to valve 5 is prevented. Inthe case
of a predetermined choice of the bypass path, the ime lapse between the blocking
command and the current transfer to bypass path can vary from 60° 10 180° for a rectifier
bridge. This tme can be reduced (from 60° to 120°) 1f the bypass pair is chosen such that
the valve with the lower valve number carrying current at the instant of blocking is
included in the bypass pair. In the inverter, there s no time lag involved in the activation
of the bypass pair. The voltage waveforms for the rectifier and the inverter are shown in
Fig. 4.16(a) and (b) respectively. The overlap 1s neglected here.

(H). \/—\»—\

(b)

]

Fig. 4.16 Vohage waveforms during de-energisation for rectifier and invernter

The current from the bypass pair i1s shunied to a mechanical switch S, With the aid
of the isolators S, the bridge can now be isolated. The isolator pair S and switch S, are
interlocked such that one or both are always closed.

The energization of a blocked bridge is done in two stages. The current is first diverted
from S, to the bypass pair. For this to happen, S, must generate the required arc voltage
and to minimize this voltage, the circuit inductance must be small. In case the bypass pair
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Converter-and HVDC System Control 95

large that the link cannot be expected to influence the frequency of either, it is prudent
to incorporate an element of frequency control which in the event of a partial break-up
of a system, will prevent overspeed or underspeed.

4.9.2. Stabilization of AC Ties

When a DC tie is connected to a system with weak AC ties to neighbouring systems,
DC link power can be varied quickly and automatically to balance the load flows and
maintain stability if one of the AC tie trips.

A DC tie used in parallel with an AC tie can be employed to damp the low frequency
interarea oscillations in the AC tie. The control signal used can be the rate of change of
AC tie line power (or current) or the phase angle difference across the AC ue. The DC
tie can also provide frequency control for one end if the AC te becomes disconnecied
and can thus permit resynchronization of the AC ue.

4.9.3. Emergency Control

In an AC tie line, the power flow is defermined by conditions in the systems which
it interconnects. If one of the systems suffers a disturbance there are only two options;
toallow the disturbance to affect the other system also, possibly resulting in a catastrophe
for both or to trip the tie in which case the system in difficulty may lose one of the main
infeeds on which it is dependent even before the disturbance.

A HVDC link on the other hand, even with simplest controls, buffers one system from
disturbances on the other. Power flow can continue at worst unchanged but the option
is available to vary power flow 1o assist the system in trouble 1o the extent to which the
healthy system can allow without puiting itself in difficulty, subject only to the rating of
the link. In general, with suitable control, a disturbance originating in either system can
be shared in a predetermined manner and the oscillaions occurring in the two systems
can be damped simultaneously. Substantial damping can be achieved with a very small
amount of DC power modulation. However, if a large degree of modulation is required
with the DC line already operating close to its full capacity, it is found that significant
results can be achieved simply by reduction of DC power at the appropriate instants.

4.9.4 Reactive Power Control

The reactive power control is important, particularly in weak AC systems in reducing
the dynamic overvoltages. Also in inverters, the fast reactive power control can heip in
allowing the injection of increased power at times of need to improve the stability of the
receiving end AC system.

4.9.5 Subsynchronous Damping Control

A radial HVDC link connected to a thermal generating siation can contribute 1o the
negative damping of the torsional oscillations at subsynchronous frequency due to the
interactions with the current controller. This problem usually surfaces when there are no
parallel AC links, The power modulation controller mentioned earlier which is designed
todamp low frequency rotor oscillations can aggravate the problem. However, a suitably
designed subsynchronous damping controller (SSDC) with control signal derived from
the rotor velocity can help to damp torsional frequency oscillations.
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Figure 5.1 Voltage wavelorms for a single commutation failure

The failure of two successive commutations in the same cycle, is called ‘double
sommutation failure’, If the commutation {ailure occurs when valve 4 is fired also, the
valves 1 and 2 are leftin the conducting state until the instantin the nextcycle when valve

Fig. 5.2 Bridge vohage waveloms for a double commutation farlure
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{a)

{b)

o t,: instant of faull initiation
Fig. 5.4 Bridge voltage and current waveform dunng short circut

The peak currents are of the order of 10 to 12 tmes the rated current and the thyristor
valves must have surge current ratings above this value. The fault clearing is performed
by blocking the pulses when the fault current goes 10 zero, the valve assumes blocking
state provided the voltage across it is not high. If the valve 1s unable to block the forward
voltage, additional loops of overcurrents result and this can be avoided only by tripping
the AC breaker.

The detection of bridge or valve short circuit is also performed by comparing the AC
and DC currents. In this case, the DC current goes to zero while AC current tends to
increase.

53 PROTECTION AGAINST OVERCURRENTS

The overcurrent protection in converters is based on principles similar to those used
in AC systems. The factors that must be considered in designing a protection system are
1) selectivity ii) sensitivity iii) reliability and iv) back up.

The main feature of converter protection is that it is possible to clear faults by fast
controller action (in less than 20 msec) by blocking gate pulses or current regulation and
control. The selectivity is also enhanced by high impedances of the smoothing reactor
and the converter transformer. Further, the converters are divided into independent valve
groups such that the protection sysiem must be able to switch off only the affected valve
group (or bridge).

Consider a converter station with a 12 pulse converter per pole (2 valve groups per
pole). The protection system used for a pole is shown in Fig, 5.5. This does not show
protection against DC line faults, undervoltage or transformer protection.

The basic protection against converter faults (considered in the previous section) 18
provided by valve group differential protection, which compares the rectified current on
the valve side of converter transformer to the DC current measured on the line side of
the smoothing reactor. The differential protection is employed because of 1ts selectivity
and fast detecuon. The overcurrent protection circuit is used as back-up. The level of
overcurrent required to trip must be set higher than that of the valve group differential
protection 1o avoid tripping with faults outside the station (that can be cleared by the
control action).

The pole differential protection is used to detect ground faults which may not be
otherwise detecfed, such as faults at the neutral bus.
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Converter Faults and Protection 107

It 1s seen that the temperature coefficient of the material is slightly negative at low
currents, but becomes positive at carrents above a few amperes. This makes it possible
to operate the zinc oxide elements in parallel to discharge high energy surges. The long
term stability of the matenal is satisfactory although itis influenced considerably by disc
composition and processing.

The properties of the material are such that it is possible to design arresters to control
dynamic overvoltages in addition to switching surges. This results in economic insula-
tion coordination. However, proper design of the arrester based on the evaluation of the
energy lossesis essential. The ultimate limit on the energy dissipation capability of adisc
is imposed by the cracking of the disc under thermal shock. A single column arrester is
capable of absorbing around 7 kJ per kV of the maximum continuous operating voltage
(MCOV).

in many DC applications, the energy capability of a single column of discs is
inadequate and multiple columns are used. A parallel column arrester is made up by
selecting discs such that the voltage for each column is the same at a predetermined

current. The maximum difference in the currents of parallel columns can be made less
than 0.5%.

5.6 PROTECTION AGAINST OVERVOLTAGES
5.6.1 General

The basic principles of overvoliages protection is the same in DC systems as in AC
systems. These are given below:

1 The overvoltage stresses in equipment with non self-restoring insulation must be
limited at all times by providing surge amesters. The protection level of the
arresters must be lower than the breakdown voltage of the insulation.

2 Self restoring insulation such as air may be allowed to breakdown where there is
no danger to the safety of the personnel.

3 The operation of surge arresters or flashover of air insulation must not be frequent.
Frequent discharges of arresters may damage them.

This implies that the protective level of arresters must be higher than the maximum
operating veltage m the system.

4 There must be proper coordination of the insulation and overvoltage protection in
different parts of the system, taking into account the characteristics of the
insulation, the nature of overvollages, etc.

The overvoltages generated on the AC side should, as far as possible, be limited by
arresters on the AC side. The overvoltages generaied on the DC side must be limited by
DC line, DC bus and neutral bus arresters. The critical components such as valves are
directly protected by arresters connected close to the components.

5.6.2 Overvoltage Protection in a Converter Station

The typical arrangement of surge arresters in a converter station (for a pole) is shown
in fig. 5.7. For a system with two 12-pulse conveners per pole, there are about 40
arresters per pole. The arresters are selected with adequate energy dissipation capabili-
ties which vary with the location of the arresters. For example, the valve arrester
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Smoothing Reactor and DC Line 111

It is to be noted that in back to back HVDC systems, the last three functions are not
relevant. For systems with DC transmission lines, the inductors of value from 0.27H to
1.5H have been used. For back to back HVDC systems, the value ranges from 12 mH
to 200 mH.

The sizing of the reactor is done not only from the considerations mentioned above,
but also from the point of view of minimizing the effect of low order harmonic
resonances in the AC/DC system. It is necessary to avoid series resonance of the DC
system at fundamental frequency and also at the second harmonic. The effect of the
inductor value on the resonant frequency (corresponding to the first peak of the
admittance as seen by the converter) as a function of the DC filter capacitance is shown
in Fig. 6.1. This shows that the resonant frequency is reduced by increasing the
. Inductance.

Freq —»

C - filter capacitance
L - smoothing reactor inductance

Fig. 6.1 Series resonant frequency as a function of smoothing inductor and filter capacitance

The inductance value must remain practically constant with variations in the direct
current. This requires aircore construction. The smoothing reactor helps 1o limit the fault
current in the DC line as mentioned above. This is feasible only if the reactor does not
get saturated by the fault current. By the way, it i5to be noted that saturable reactors used
for the limitation of di/dt in thyristor valves, cannot replace the smoothing reactor as
smoothing reactors unaffected by saturation reduce commutation failures.

The location of the smoothing reactor can be either at the high voltage terminal or at
the ground terminal as shown in Figs. 6.2 (a) and (b) respectively. In the latter case, it
is also necessary to have a small reactor of the order of 5 to 10 mH on the line side, to
protect the converter station from the consequences of lightning strokes 1o the line. The
advantage of having the reactor at the ground side is that it allows the converter ground
faults to be cleared by converter control (of increasing the delay angle to its maximum
limit to control the current). The insulation level of the reactor also is reduced for this
location of the reactor.
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The other quantities are as defined carlier. In refers o the natural logarithm.

The power loss predicted by Eq. (6.7) gives correctly the mean fair-weather corona
loss levels. With rain, the DC 10sses may increase by a factor of 10to 1 while AC losses
may increase by 50 to 1. However, the average ratio of rain weather loss to fairweather
loss varies from 2 10 4, with higher ratios applicable to operation at lower gradients.

The bipolar corona loss per pole is higher than the monopolar corona loss by a factor
of 1.5 10 2.5. However, for a given vollage, the positive and negative polarity losses are
approximately equal. DC corona losses usually increase with wind velocity in the range
of 0 to 10 m/sec.

Radio Interference (RI)

The most predominant corona effect that may determine the conductor design is the
radio interference. This is measured at a frequency of 1 MHz and for a receiver
bandwidth of 9kHz, at a horizontal distance of 30 meters from the outermost conductor,

The RI is mainly due to the positive conductor. This is because of the fact that the
corona discharges from the negative conductor are in the form of Trichel pulses which
are uniformly distributed over the conductor surface. Positive corona discharges are of
three types—Hermsiein glow, plume discharge and steamers, Plumes and steamers are
randomly distributed and the more persistent discharges are usually associated with high
stress points due to surface imperfections. These are mainly responsible for the RI.

The expression for RI (in decibels above the field strength of 1 uV per meter) is
empirically obtained as

RI=25+10logn+20logr+15(g-¢) (6.10)

This is due to the positive conductor. The RI due to the negative conductor is about 20
db lower and is not of consequence.

Interestingly, DC-RI levelsare decreased by rain and wet snow which completely wet
the conductor. This phenomenon is opposiie to that in AC conductors.

DC-RI levels are increased by wind, with maximum increase durirg the wind flow
from negative 1o positive conductor.

The bipolar lateral RI profile 1s symmeiric about the positive pole and atienualcs
inversely as the square of the distance from the conductor initially (upto 50 meters) and
inversely as the distance thereafter.

The television interference (TVI) with DC lines is mainly due to the ion currents and
18 of little consequence at distances greater than 25 meters from the right of way.

Audible Noise (AN)

The corona discharges from the conductor produce compressions and rarefactions

that are propagated through the medium as acoustical energy. The portion of the
acoustical encrgy spectrum that lies within the sonic range is perceived as audible noise

(AN).
The sound level is expressed in decibels and is defined as

dB =20 log (P/P,) (6.11)

where P is the measured sound-pressure level and P, is the reference pressure level. The
standard level for P, is 20u Pascal which is the average threshold of audio perception
at 1 kHz. Test line studies (3] indicate that + 600 kY DC lines would produce an audible
noise of 45 to 55 dB measured at 30 meters from the ROW centreline. This is not
considered 1o be serious. In gencral, the annoyance produced by the audible noise varies
lincarly with the conductor surface vollage gradicnt.
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healthy pole of magnitudes exceeding 2.0 p.u. [9, 10] (although typically they are
1.7 p.u.). The maximum overvoltage occurs at midpoint in a pole when the fault is also
at the midpoint of the other pole. For off-centre faults, the maximum overvoltage occurs
at a location which-is a mirror image of the fault location (with respect to the midpoint).
For example, if a fault occurs at a point of one third distance from the sending end, the
overvoltage occurs al a point of one third distance from the receiving end.

There are two modes of travelling waves on a bipolar DC line. One is termed as the
pole to pole mode (analogous to positive sequence) while the other is termed as the pole
to ground mode (analogous 1o zero sequence). If the prefault voltage is V at a given
location, it can be shown that immediately after the fault, the voltage at the other pole
rises by an amount AV, given by

AV=(Z,-Z) ] (Z,+Z)V (6.15)

where Z, and Z_ are the surge impedances of the first and the second mode respectively.
Generally Z > Z,. For typical values of Z_and Z,, AV =0.3V.

The travelling waves originating at the fault location travel in both directions and are
reflected by the terminals. The kind of termination at the converter station—inductive,
capacitive or resistive has a bearing on the voltage waveform at the converter and in the
line.

The typical voltage waveforms at the midpoint and the terminal are shown in Fig. 6.7
for (1) inductive, (ii) capacitive and (iii) resistive terminations, The parameter of the DC
filter also affects the nature of the terminal voltage waveform. The following conclu-
sions can be drawn from a digital computer study [10] of the transient overvoltages.

1. With capacitive tcrmination 1o the wavefront, overvoltage in the unfaulted pole is
caused by pole to pole mode. The attenuation and distortion of this mode is slight.

2. The surge capacitor, while helping in reducing the overvoltage at the terminal,
does this at the expense of the DC line. It is desirable to use a surge arrester to
protect the terminal against overvoltages.

3. The resistive termination to the wavefront with R = Z, is the best and can be
achicved by putting R = Z, in the high pass DC filter and not having a surge
capacilor.

4, With inductive termination to the wavefront, overvoltages are caused by the pole
to ground mode for which the attenuation is substantial. But the overvoltage at the
terminal is high.

5. Itis desirable to provide extra insulation around the middle portion of the DC line
to take care of the highest overvollages that may occur in that zone,

6. With capacitive crmination, the lowest limit on the dv/dr seuting of the line fault
protection is determined by the maximum fault resistance above which the fault
will not be detecicd.

It is also necessary o provide a time delay in the operation of the protection (using
dv/dt) 1o prevent the tripping of the healthy pole, Typically, a time delay of about 3
milliscconds may be adequate.

The tests carricd out on Pacific intertie [11] and subsequent simulation using digitial
computer have shown that the modclling of frequency dependent characteristics of the
linc for both modcs is essential for accurate prediction of the overvoliages [12].
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Smoothing Reactor and DC Line 123

It is obvious that reduction of /_ has a significant effect on the breaker costs as W, is
decreased which results in the reduced requirements of the energy capability of a
breaker,

The current /, is brought down to the rated value by the normal action of curreni
control in converters. Although this requires certain amount of ime (say 30 to S0 msec),
the time required for interruption reduces. The aliernate strategy is to interrupt the fault
current fast but this will increase the interruption time 7, apart from increasing the cost
of the breaker.

The counter voltage produced by the arc that is struck when the breaker contacts
separate, is not sufficient in HVDC breakers. This requires an auxiliary circuit in which
a capacitor is inserted to develop the required counter voltage. However, a capacitor is
unable to dissipate the energy and the current in the capacitor has to be commutated 1o
nonlinear resistors which then dissipate the energy without undue increase in the voltage
across them.

The general arrangement of a HVDC circuit breaker isshown in Fig. 6.9, The current

- P 5S4 Ry Energy Absorbing Circuil
e "Lu- 'ME——- i, —0 Commutating Circuit
._31_____,“\ Circuit Breaker
cB
Yb

Fig. 6.9 Arrangement of a DC breaker

in the breaker (when closed) is normally carmed through CB with moving metallic
contacts. This may be vacuum, oil, airblast or SF, device. After a tinp signal is given 10
the breaker, the breaker contacts open 1o draw an arc. This is initiated at time ¢, (see Fig.
6.10 which shows the current and voltage waveforms). At a short ime later at 'tl, the
commutation circuit is inserted through the insertion device S. The commutating
impedance is primartly made up of a series L-C circuit which is wned to a certain
frequency. The capacitor may or may not be precharged. The insertion devices §, may
be a triggered vacuum gap or spark gap or in the so called ‘ passive’ commutation circuit,
just a solid connection (no switching required). The main purpose of inserting a
commutating impedance 1s to create current zero in CB and transfer the current 10 £_ with
sufficient contact separation in CB to regain its dielectric strength. This current transfer
1s completed by time ¢,. The DC circuit current ¢, flowing through the capacitor in £,
rapidly builds up to a high voltage V, across the breaker. When the voltage reaches V|
at ime ¢, the encrgy absorber R 1s inseried through the device S . The nonlinearity of
the resistance R, acts as a switch which closes when its clipping voliage is reached. The
direct current now decays 10 zero by discharging its energy to R aller the interval of T,
(at time ). The breaker operation is completed by ¢, if the three parallel paths CB, Z_and
R, have adequate voliage withstand capability. Otherwise, fast acting isolators that
operalte at zero current level may be used 1o prevent overstressing of the breaker until the
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valve stresses and additional losses in valve grading/damping circuits. Both
options are costly and third alternative is to derate the DC link during the metailic
return operation

3. Reduced reliability due to the fact that two conductors are exposed as compared
to on¢ conductor with ground return

4. Increased requirements for the protection of the ungrounded neutral.

The last factor arises from the consideration of the transient overvoltage to which the
ungrounded neutral is subjected to, when valve groups are blocked/deblocked, or line
faults, commutation failure takes place. According to a study carried out on Pacific
Intertie system [ 19], itis preferable to ground the inverter terminal as the worst condition
for overvoltage is the blocking of an inverter group if it is floating.

Capacitors in shunt with spark gaps were used initially for protection against transient
overvoltages. But the disadvantage is the large value of capacitance required and
increased telephone interference due to harmonic currents flowing through the capaci-
tor. The present day solution to the problem is the use of zinc oxide arresters in place of
the capacitors [20].

6.7.1 Ground Electrodes

The grounding of the neutral points of a bipolar DC line is not done near the converter
stations 1o prevent the interference effects of ground currents in converter transformers,
etc. Also, the electrodes must be placed in soil of low resistivity and of sufficient depth.
The ground electrodes are usually located at distances around 20 km and upto 55 km, if
necessary. The line connecting the neutral to the ground electrode site 1s called the
‘electrode line’ and is usually made of two sections in parallel to facilitate detection of
faults in electrode lines (by differential protection). Although steady-state voltages on
electrode lines is small (less than 5 kV), the transient voltages can exceed 300kV for line
faults. The voltage is maximum at the midpoint of the electrode line and is highest when
it is on the same tower as the DC line, Providing a separate right of way for the electrode
line reduces these overvoltages considerably.

The design of ground electrodes are based on the requirements of (i) low resistance,
(i) adequate current carrying capacity, (iii) low maintenance cost, (iv) accessibility and
(v) safety.

The form of the electrode can be of several types— (i) ring, (it) straight, (iii) six
pointed star, or (iv) branched star. The electrodes can be located in the land or sea shore
(if nearby).

The electrodes can be designed for cither continuous operation or intermittent
operation (during monopolar operation of a bipolar line with ground return).

The factor that is often responsible for the failure of DC ground electrode is
electroosmosis which causes the migration of moisture in the direction of current. The
electrode tends todry because of this and also by heating effect. Toretain moisture, aland
electrode may be irrigated by pumping water to it.

6.8 EFFECTS OF PROXIMITY OF AC AND DC TRANSMISSION LINES

For reasons of economy and constraints on the right of way, it is possible that AC and
DC lines may be situated in the same right of way. Also, it is possible to have them on
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Reactive Power Control 131

where n, is the number of bridges connected in series.
Base AC voltage (on the valve side) (V) =V,
Base AC power = Base DC power = (Y18/m) V I, n,
The average DC voltage across a converter bridge is given by
V,=Vcosa-R.1, (7.1
where
=V IV, "; . fd’qﬂ‘-‘ V= VIV,

X2
= p.u. leakage reactance of the transformer on its own base.
The power factor is given by
cos ¢ = (V,/V,) = (V,/) = cos & - R, /V) 74
The power and reactive power in per unit are given by the following equations
P,=V I cos ¢ (1.3)
0,=V i sing (7.4)
Equation (7.1) 1s also valid for the inverter if « is replaced by v.

For typical values of ot = 15°,X_=0.2, V' = 1.0 the variation of Q, versus P, is shown
in Fig. 7.1.

7
R,
X,

0.6}

QY oul-

ﬁl! =

0.2 0.4 0.6 0-8 1.0 1.2
F;,—!-

Fig. 7.1 Variation of 0, with P,

It is to be noted that the rated DC power is less than 1 p.u. as the rated voltage is less
than the DC base voltage. Actually, the two are related by

V.V, = V:_: cos ¢ (7.5)
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Fig. 7.6 Variation of {, v, and & with P, for constant reactive power

The vanations of i,, v, and a with variation in P, ar¢ shown in Figs. 7.6 and 7.7 for
cases (i) and (ii) respectively. These are drawn for V= 1.0 and ¢_= 30°, These are also

1.0

0.8 0"
I 06 -0
a
£ T
o [}
- 0.4 — 40
-

0.2 — 20

| | ! L | o
0 0.2 0-4 0.6 0.8 1.0
By —>

Fig. 7.7. Vanation of i, v, and & with P, for constant leading power factor

applicable equally for the inverter operation except that a is replaced by v. The increase
in @ or 'y above the minimum implies additional losses in the snubber circuits.
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Fig. 7.11 Current control in TCR

The fundamental component of the inductor current is given by

j oGSO ¢

EIL

(7.15)

where V is the rms voltage across the TCR, X, is the fundamental frequency reactance
and ¢ is the conduction angle related to & by the following equation.,

G =2(r-a)

Equation (7.15) can be written as

I,.=B(c)V

(7.16)

(7.17)
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146 HVDC Power Transmission System
Calculation af AC Harmonics
Consider 12 pulse converter unit shown in Fig. 8.1. From Fourier analysis, it can be

YIY T
_,

P
=TI ]
D—Z]

Fig. 8.1 Schematic Diagram of & 12 Pulse Converter Unit

o

shown neglecting overlap, that the current in the primary side of star-star connected
transformer (assuming tumns ratio of 1:1) is given by

i“l:(zﬁ /) I, [cos@t —(1/5) cos 5wt +(1/7) cos Tt
~(1/11) cos 11wt +(1/13) cos13 @t ~...] (8.3)
Similarly, it can be shown that i, is given by
i“=(2-\/3-m) I, [coswt +(1/5) cos Swr —(1/7) cos Tt
~{(1/1) cos 11wt +(1/13) cos13 @ ¢ —...] (8.4)

It is assumed that delta-star connected transformer has turns ratio of ¥3 ; 1.
The current i , is given by

i =£“+i“=(4‘\/3_m) - [cos @t ~ (1/1D) cos 11 @t +

A

(1/13 cos 13t — (1/23) cos 23w + (1/25 cos25w¢t —...] (8.5)
From the above expression, it can be observed that

I,=(@V6/m) I, (8.6)

Lo=(,/h) (8.7)

where /|, and 7, are rms values of the fundamental component and harmonic of order
‘h’. The second subscript “0’ indicates that the overlap angle u is assumed to be zero.
When overlap angle is non-zero, the expression for [, is given by

2 2 1/2
s =IM£A + B" — 2AB cos (200 + u)] S
A cos & — cos O
sin (h +1) u/2 g = Sin (h=1) u/2
h+1 kEE h =1

where, A =

d=0+ u.
The above expression is valid for u < 60°. For higher values of the overlap angle, the
~ expression given by eq. (8.8) can still be used if ¢, u and b are replaced by o, u and &
where

o0=0—30°%u =u +60° 8 =3+30° (8.9)
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154  HVDC Power Transmission System

Fig. 8.6 Network impedance characteristic : Case (b)

Although assumption (a) is rather simplistic, it allows a simple choice of Q. The locus
of filter admittance with variation in Q (and for a fixed value of 8 =8_ ) is shown in Fig.
8.7. This also shows the optimum angle of filter admittance for which the maximum
value of V, that can occur is minimized. From the figure, it can be shown that

Fig. 8.7 Loci of filter and network admittance

cot /2 1+ cosf,

= = 8.31
Q‘F i?:ﬁmt 25_“ sin Bm B3
The comresponding harmonic voltage V, is
I# 435, Z“fh
V. = = | (8.32)
] |YF+Y*| 1+ cos O
Minimum Cost Tuned Filters

The costs of the reactor and the capacitor which make up the tuned filter are deperdent
on their respective ratings. The rating of the capacitor is given by

2 2 |
S, [vﬂ +vﬂ)m1r: (8.33)
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160 HVDC Power Transmission System

ensuring the same level of flexibility in energy exchange, three two terminal DC links
will be required in addition to a link connecting the two receiving systems, which could
be AC or DC (see Fig. 9.2). This would result in extra costs for the converter stations,
lines and additional power losses in increased number of conversions,

ik

Fig. 9.2 Bulk power transmission using two terminal links

The elimination of AC collector system at the remote hydro generating stations can
result in better efficiency in the operation of hydraulic turbines which are free to run at
a speed independent of the system frequency.

2) Asynchronous interconnection between adjacent power systems. The advantages -
of asynchronous interconnection have already been described in Chapter 1. When
more than two systems are involved, a MTDC system for interconnection is more
flexible and economical than employing several two terminal DC links.

3) Reinforcing of an AC network which is heavily loaded. Consider an urban power
system which is fed by adistant power station. It would be advantageous to arrange
the power injection at more than one point so that the underlying AC network is
not overloaded. This is easily achieved using a MTDC system with one rectifier
station and several inverter stations (see Fig. 9.3).

9.3 TYPES OF MTDC SYSTEMS

There are two possible types of MTDC systems
(i) Series
(ii) Parallel.

The parallel MTDC systems c¢an be further subdivided into the following two
categories: ‘Y

(a) Radial
(b) Mesh
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Multiserminal DC Systems 165
where [__ . is a positive quantity.

The converter with the lowest voltage ceiling always acts as a voltage setting
terminal. The changes in the voliage setting terminal due to disturbances in the AC
system are called mode shifis. Uncontrolled mode shifis can be minimized by selecting
a terminal with highest short circuit ratio as the voltage setting terminal. Due to the
negative resistance characteristics of the constant extinction angle control, it would be
advisable to choose a rectifier terminal. The magnitude of the current margin is critical
as converters of lower ratings can be overloaded when operating at angle limit.

The central controller that regulates the current orders at all the converter stations is
termed as Current Reference Balancer (CRB)-and is shown in the analog version in Fig.
9.7. Here, the current orders calculated from local power controllers are adjusted in order
to satisfy Eq. (9.2). The limits on the current orders are taken into account in balancing

; LIMITERS
[“—“—@ k-— . I"”
!
I“u ’@ E = Irﬂ 2
[
I"ﬂ : [ & Irtﬂ,
+*

AR

Weighting Factors

High Gain Amplifier
Fig. 9.7 Current reference balancer (Source : Reference 4)

currert references. The actual implementation of CRB can be performed by using
MICTOProcessors.

Satisfactory operation of MTDC systems requires a reliable central CRB that
operates at all times. This requires reliable two way communication between a central
station and each converter station. If there is loss of a station and this information 1s not
communicated, the system operation is adversely affected. In case of loss of a rectifier
station, the power transfer is interrupied by voltage collapse. Incase of loss of an inverter
station, other stations will be overloaded.

In the current margin method, the change in the voltage setting terminal requires the
operation of tap changing in converter ransformer 10 modify the voltage margin. This
can be slow and results in less flexible contrel 1o deal with mode shifts. An improvement
has been suggested by using a modified control scheme termed as voltage margin control
method, In this method, all converter stations are provided with automatic voliage
regulators (AVR) along with automatic current regulators (ACR). In the voltage setting
terminal, AVR reference voltage is set to the rated voltage and in other stations, AVR
reference voltage is set higher by an amount AE.
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Component Models for the Analysis of ACIDC Systems 175

this procedure is not valid for the discrete model as the time interval is reduced to half
of the value for a six pulse bridge. Hence the discrete model has to be derived separately
for the 12 pulse converter. Two cases are considered (i) with four and five valve
conduction mode (overlap angle <30°) and (ii) with five and six valve conduction mode
(30° < u < 60°).

Four and Five Valve Conduction Mode

The normal operation of a 12 pulse conventer with 4/5 valve conduction mode is
shown in Fig. 104. €', €, and €', are the converter transformer secondary voltages for

. Xc 1
@ J0 a0 in b- O
. K¢ 3
m DF }
. Xe 2
—C—mmi—X] “a
¢ !
F A
@ —min——F
+ NE z
e —rr—K
w _,.l';j e

Fig. 10.4 A circuit showing 5 valve conduction

bridge 2. 1', 2' indicaie the valve number in bridge 2. It is assumed that the voltage €' lags
¢, by 30° so that the valves are fired in the sequence 1,1' 2, 2', 3, 3, etc.

Consider that at the instant 7, the valve 3 is fired. Prior to 1,, four valves (1,1', 2, 2')
are conducting. Before the instant of firing of next valve (3') ¢, . the valve 1 would have
stopped conducting.

The instantaneous DC voltage is

v, e - (X, J’ﬂlu){dihfdf N-(e, - (X,:fmo){di;r’ﬁ‘IJ)
+(e, - (X, .Jmu}{di Jar)—-(e' —(X_ fmﬂ){di ' ldt)) (10.13)
The average DC voliage is

k41

V=) [v,@dr (10.14)
I
where Ay, =t -1, =H=n/60, (10.15)
Substituting Eq. (10.8) and the expression
&, .—¢, =‘\/’2T.Jfr.'lr cos [w, (¢ —¢t,)+a,] (10.16)

in (10.13) and integrating we get,
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14.2.3 Core Saturation Instability [2]

This was obscrved on the Kingsnorth and Nelson River HVDC schemes. In the
former, a 12th harmonic component in the magnetizing current of the converier
transformer was magnificd due to the instability and this also resulted in a circulating
current between the 11th and 13th harmonic filters. The total filter current rose to values
exceeding the filter rating and caused the protection to shut down the DC hink. The build-
up of instability was slow and took upto 5 minutes.

The major causes for this type of harmonic instability are due to (1) the DC system
having series resonance at or near the fundamental frequency, (i1) low short circuit ratio
atthe converter bus. If there 1s a second harmonic voltage at the converter bus, this causes
fundamental frequency voltage on the DC side. Due o series resonance in the DC line,
there will be relatively large fundamental frequency components in the current through
the converters, This, in turn, results 1n DC components in the currents lowing in valve
windings of the converter transformers causing magnetic saturation of the cores. This
will reinforce the original second harmonic component of the voltage present at the
converter bus.,

The main feature of this instability is the presence of DC components n the
magnetizing current of the converter transformers causing saturation. The harmonics
gencrated due to the core saturation contain a large spectrum of even harmonics and if
the system impedance has a large value at one of these frequencies (due to parallel
resonance), the harmonic distortion in the bus voltage is aggravated. In the case of
Kingsnorth scheme, the parallel resonance occurred at the 12th harmonic due to the
presence of 11th and 13th harmonic (luned) filters. In Nelson River scheme, the
resonance occurred at the fourth harmonic,

It is to be noted that the core saturation instability can occur even with EPC scheme.
This type of instability cannot be predicted unless the finite nature of the DC system
impedance and its variation with frequency is taken into consideration. In the earlier
analysis [1], the DC current was assumed 1o be constant.

The possible solutions to this instability are as follows :

1. Selecting smoothing reactor values to avoid the resonance in the DC system at or
near the fundamental frequency.

2. Modification of the controller by adding an additional de flux control loop [3]. The
control signal is derived from the measured DC magnetizing current or the second
harmonic component. This is used to modulate the control signal that is normally
generated from the converter controllers. The modulating signalis hmited toa low
amplitude so that its effect on the normal operation is negligible.

The DC component in the converter transformers may also be caused by the
induction of fundamental frequency currents in the DC line caused by adjacent
AC circuit on the same right of way [4].

14.2.4 A Generalized Analysis of Harmonic Instability

It is shown by Yacamim et al [5] that there can be problems of harmonic instability
independent of the firing control scheme and transformer saturation. The problem of
magnification of a harmonic of particular frequency (f,) can arise if the AC system
(including the filters) has a parallel resonance at that frequency and the DC system
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