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SUMMARY

This paper describes the DC side filtering for the North-East to Agra 800 kv HVDC transmission
project. The multi-terminal nature of this transmission, with numerous possible configurations of the
DC side, posed an exceptional challenge for the DC side harmonic filter design.

The design of the DC filters took into account a number of factors including: the optimum balance
between shunt DC filter size and smoothing reactor size, keeping the DC filter solution as simple,
economical and robust as possible, and the avoidance of amplification of low order harmonics. The
design study considered the many combinations of DC side circuit possible with the multi-terminal
configurations, including monopolar and hybrid as well as bipolar modes. The chosen design solution
uses the same filter configuration at all stations, although with some different details and component
ratings.

An important aspect relates to the possible induction, from parallel AC power lines, of fundamental
frequency currents in the DC circuit. These currents may pass through the HVDC converter,
undergoing a frequency-shifting modulation which produces direct current in the converter
transformers, thus risking unacceptable levels of core saturation. The calculated level of induced
fundamental frequency was such that mitigation measures in the HVDC system were required. The
chosen solution was to install fundamental frequency series blocking filters in the neutrals of the
inverter station at Agra.

DC filter component rating was critical, especially in the case of the DC side filter high-voltage
capacitors at Agra, which are located indoors due to pollution. As these have to be rated for the
harmonic voltage plus the 800 kV direct voltage requirement, their height becomes a crucial factor for
the DC hall design.

The entire design study was the most complex since the last true multi-terminal HVDC project some
25 years previously, and provided many valuable experiences which are recounted in the paper.
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1. Introduction

1.1. The project

The +800 kV, 6000 MW NER/ER-NR/WR Interconnector — | Project will initially have three
converter stations, at Biswanath Chariali, Alipurduar and Agra, and will be configured as two bipoles
paralleled on to a single HVDC line. The route is shown in Figure 1.

In Phase 1 of the project, there will be one bipole terminal at each of Biswanath Chariali and
Alipurduar, each rated at 3000 MW. These will be paralleled at Alipurduar and the combined
transmission of 6000 MW will terminate at Agra, where two 3000 MW bipoles will be built in a single
converter station. The normal power flow direction on the DC link will be from Biswanath Chariali
and Alipurduar to Agra.

Biswanath
Chariali

Agra.\",(pur‘duar

Figure 1 - Route of the NEA800 multi-terminal HVDC transmission line

Later, in a Phase 2 upgrade of the project a second bipole will be built at each of Biswanath Chariali
and Alipurduar, bringing their installed capacity to 6000 MW each. The first of Biswanath Chariali or
Alipurduar to be uprated will remain connected to Agra, while the other will be separated from the
Phase 1 system and form an independent 6000 MW transmission on a new DC line to a new inverter
station, yet to be defined.

At Biswanath Chariali and Alipurduar the new DC filters which will be required in future for the
second bipole will be procured and installed with the future Phase 2 upgrade implementation.
However, the design of the Phase 1 DC filters had to be shown to be compatible with the future Phase
2 upgrade, despite the fact that that no firm data was yet available regarding the length or
characteristics of the Phase 2 DC line.

1.2. DC side harmonics

DC harmonic filters are provided principally to limit the possible interference in neighbouring
telecommunications circuits caused by harmonic currents flowing in the HVDC and electrode lines,
due to the generation of harmonic voltages by the HVDC converter stations. The filters also serve to
avoid potentially damaging resonances and to reduce the absolute magnitudes of the harmonic currents
on the DC line.

The fact that this is a multi-terminal scheme introduced particular challenges beyond those which
apply to any long distance DC line transmission:

- The number of possible combinations of circuit configuration to be studied was much higher.
- DC filters had to perform satisfactorily against a line impedance which was not just a unique
value, but could have several alternative values depending on the circuit configuration,



- The two rectifier stations were much closer (432 km) than would be economical for a two-
terminal system, and therefore the harmonic interaction between these stations was greater
than would normally be the case with a larger intervening line impedance.

2. Low order harmonic resonance

A key consideration in the design of the DC filter and choice of smoothing reactors is the mitigation of
any low-order resonance on the DC side.

Resonance at second harmonic is undesirable because it magnifies the normal stresses which appear
due to the second harmonic generated by the converter in response to any unbalance (negative
sequence) in the supply voltages on the a.c. side. During single-phase faults on the a.c. system, such
unbalances can reach very high levels, with correspondingly high second harmonic on the DC side.

Studies of DC side resonance can be made using the same frequency domain tools and models as used
in the DC filter design studies. These tools permit fast analysis of many different case scenarios.
However, such methods do not fully take into account the dynamic effect of the converter and its
control system. These can be included in time domain studies using programs such as
PSCAD/EMTDC, which, however, take much longer to set up and run for each case. The design study
used both methods in an appropriate way.

e Frequency and time domain studies, which determined the necessity for 2™ harmonic filtering
as part of the DC shunt filters.

o Frequency scans of the DC side frequency response in the range of fundamental frequency and
second harmonic.

o Studies of the DC bias current in the converter transformer windings caused by fundamental
current on the DC side, caused by various factors, including induction from parallel a.c. lines.
These studies include the effect of fundamental frequency blocking filters located in some
converter station neutral connections.

o Time domain studies of the response of the DC side circuit to a.c. side faults, under conditions
chosen to excite any possible low-order resonances.

The results of all these studies indicate that with the system including the DC shunt filters and
fundamental frequency neutral blocking filters as designed there will be no problems due to any aspect
of low-order harmonic behaviour in the HVDC circuit.

The specified limits for the harmonic performance parameter (“equivalent disturbing current”) was set
by the Customer at a level within the range which has been applied to other long distance HVDC
transmissions in India and elsewhere, and which has not resulted in any known telephone interference
related to those projects.

The maximum permissible calculated equivalent disturbing current, ¢, at any location along the DC
line corridor or electrode lines corridors is specified as 1500 mA in balanced bipolar operation and
2200 mA in monopolar operation (metallic or ground return). These limits are to be met for minimum
to rated DC power in normal power direction with the normal variations of a.c. bus voltages and a.c.
system frequencies and with all DC filters in service.

3. Converter model

The 12-pulse HVDC converters were each represented as four equivalent 3-pulse harmonic generators,
including the coupling to earth provided by stray capacitances in the converter transformers, as is
essential for the correct modelling of DC side harmonic flow.

The phase shift over the four three-pulse generators is such that the vector sum of the non 12-pulse
triplens is zero over the pole, while the 12-pulse triplens add to produce the classical 12-pulse
characteristic harmonics. The importance of the 3-pulse model, however, is that the 3-pulse voltage



sources drive current through the ground connections formed by the converter transformer stray
capacitances.

4. Harmonic voltage generation

The harmonic voltages generated by the HVDC converters on the DC side were calculated for each
equivalent 3-pulse harmonic generator. Different calculation methods were used for 3-pulse and non-
characteristic harmonic voltages as described below, and the results subsequently combined.

4.1. 3-pulse characteristic harmonics

The harmonics generated by the three-pulse sources are of all orders of three, i.e., 3, 6, 9, 12, etc. The
voltage magnitude of each harmonic was calculated from a trigonometric Fourier series expression
considering the relevant operating parameters.

For performance calculations, the combination of Pole 1 and Pole 2 operating conditions which give
the highest vectorial difference between Pole 1 and Pole 2 harmonic voltages were chosen for each
individual harmonic. For the even harmonics, this means that the combination that gives the highest
vector difference between the poles was used. For the odd harmonics, however, the highest disturbing
current occurs when the pole circuits and driving voltages are exactly equal.

4.2. Non-characteristic harmonics

The non-characteristic harmonics for a 12-pulse converter are those harmonics which are not multiples
of the 12th harmonic. These harmonics, which apart from the second harmonic are generally relatively
small, are caused by asymmetrical firing of the valves, unbalance between the transformer reactances
between and within the 6-pulse bridges, and asymmetries in the a.c. voltage supply.

The asymmetries in the firing instants and commutating reactances can appear in different
configurations and combinations. The magnitude and phase of the non-characteristic harmonics
depend on the combinations in which the deviations are being considered. The maximum magnitude
of each non-characteristic harmonic has therefore been calculated taking into account all possible
different patterns of these unbalances by using statistical analysis.

4.3. Cross-modulated AC side harmonics

If the a.c.-side voltage applied to the HVDC converters is not of purely fundamental frequency, but
contains some harmonic distortion, then the converter will modulate those harmonics, with a change in
harmonic order, across to the DC side. For example, it is common to observe DC side 6" harmonic
generated in this way due to ambient 5" and 7" harmonic voltages on the AC system.

In balanced bipolar operation, due to the nominal balance between poles, the magnitude and angle of
the transferred harmonics on the DC side are almost identical for the two poles, and so the resultant
ground mode component is negligible. In monopolar ground return operation however, the magnitude
of DC side Il caused by such levels of AC side voltage distortion at all low order harmonic
frequencies may be more significant.

The effect of such transferred harmonics on the DC side harmonic generation was been calculated and
taken fully into account in the filter design.

5. De-tuning

The effects of AC system frequency deviation and component tolerances were considered
independently in the calculations. The extremes of frequency deviation and component deviation were
always used in the sense that their effects combined to produce the worst possible equivalent detuning.

The capacitance variation due to temperature, element failures and aging has been considered in the
calculations, considering an ambient temperature range of 0°C to 50°C for Agra; 40°C for Biswanath
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Chariali and Alipurduar, and taking into account the dielectric heating and possible element failures.
The capacitance change due to manufacturing tolerance is taken as zero due to the fact that the taps
provided on the reactors will compensate for the manufacturing tolerance.

For reactors (except for the ST filter), the taps will be provided in 1% steps. An inductance deviation
of one half of a tap step, i.e. £0.5% has therefore been considered. For the ST filter, the tap steps are
5% covering a range of -20% to +10%. The exact tuning of this filter around the selected tap is not
critical to the performance.

The calculations for bipolar mode assumed that the DC filters in the two poles could be de-tuned in
opposite senses. This opposite-sense detuning is applied in the polarity that results in the maximum
disturbing current, when combined with the effect of the unbalance between converter pole harmonic
voltages. The temperature-based deviation of the capacitance values, however, is assumed to be in the
same sense in both poles.

6. Filter design

6.1. Pole filters

The DC filter design consists of one switchable harmonic filter bank per pole. Each switchable bank
consists of three non-switchable branches — 2"/6™ harmonic branch, a high-pass 12"/24™ harmonic
branch and a single-tuned higher frequency harmonic branch to ground, whose purpose is explained
further below.

The filters are of similar nominal types at all converter stations, but differ to some extent in size,
tuning and damping in order to provide the optimal matching to the different line impedances as seen
from each station.

The design motivations for the choice of filter branch types were as follows:

HP2/6 — Due to near resonance of the DC line with the converter station impedance in some
configurations, a 2™ harmonic filter was necessary both in order to limit leq and order to mitigate the
otherwise high levels of 2™ harmonic currents and high voltage stresses on the equipment. Additional
6" harmonic filtering is added in the double-tuned configuration to restrict the 6™ harmonic
contribution to leq in monopolar configurations. The parallel damping in this filter is chosen to limit
the potentially high 2" harmonic voltages on the filter equipment.

HP12/24 — This is a well-damped filter designed to mitigate the 12" and 24™ harmonics and a wide-
range of higher frequencies.

ST — There is a low impedance return path through the DC line capacitance to ground back through
the pole side of the converter; and this results in a large contribution to I, from these triplen order
harmonics, especially those of the higher orders (approx. h40-h60) which are not adequately mitigated
by the HP12/24 filter. The ST filter is designed to provide an alternative low-impedance return path,
and so is connected directly to ground. The reactors of the ST filters have been specified with a very
wide range of taps, so as to allow substantial adjustment if required during commissioning.

Figure 2 shows the principal configuration for the DC filters and smoothing reactors of one pole
(identical at all of the converter stations), plus the fundamental frequency blocking filter (only at
Agra).
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Figure 2 — Circuit diagram for one pole at Agra, showing relevant components for DC side filtering

6.2. Choice of neutral bus capacitor

Normally in an HVDC project, large neutral bus capacitors (NBC) serve to provide a low impedance
in-station return path for the mainly triplen order harmonic currents driven through the transformer
stray capacitances and thus minimize the flow of these harmonics in the DC line and the electrode line.
The value of the neutral bus capacitance is chosen so as to provide a sufficiently low impedance path
for these triplen order harmonic currents, while avoiding resonance with the electrode line at critical
frequencies.

In this project the location of the smoothing reactor in the neutral alters the normal analysis of triplen
harmonic flow, and a very large NBC is not necessarily advantageous. The role of the NBC is mainly
to control harmonic currents in the electrode line, by providing a low-impedance in-station return path
for harmonic currents.

One capacitor is connected between neutral bus and ground for each pole at each converter station.
The capacitor size must be selected to avoid resonance with the electrode line at significant harmonic
frequencies. The values chosen are 10 uF at Biswanath Chariali, 13 uF at Alipurduar, and 13 uF at
Agra.

6.3. Pole filter outages

Disconnect switches are provided to allow removal of any one pole filter bank in the multi-terminal
scheme, followed by continuing operation of that pole. There is no stipulation with respect to
harmonic performance in the event of a single filter bank outage.

In the case of a DC filter bank outage in one pole in bipolar operation, it may be possible that the DC
filter in the other pole in that station could also be switched out, in order to balance the bipolar circuit
and reduce the harmonic disturbing current. However, the impact of this measure on I is not large,
and it is presently considered preferable for simplicity of operation to leave the remaining healthy pole
filter connected.



6.4. Protection

The proposed DC filter protections consist of reactor and resistor thermal overload protections. The
DC filter high voltage capacitor is of internally fused design with internal grading resistors. The
grading resistors will ensure a proper voltage distribution in the capacitor bank even in the case of
element failures.

6.5. Transient protection and insulation coordination

The DC filters will be protected from transient stresses due to faults, lightning, energization and other
events by surge arresters. These components have no impact on the harmonic performance of the
filters.

The arrester characteristics are chosen with consideration to the following criteria:

e The continuous and temporary operating voltages, crest value, including harmonic
content.

e Peak current at filter discharge,

e Energy dissipation capability at filter discharge.

The DC line fault protection is designed to attempt several restarts in the event of a DC line fault
which does not clear at the first restart attempt. These restarts will appear to the DC filter as repeated
faults, and will therefore add to the cumulative energy to be dissipated by the filter arresters. The
arrester energy dissipation has therefore been calculated for the case of two full voltage restart
attempts and one reduced voltage restart attempt. The DC line voltage is assumed to be the pole bus
SIPL for the initial fault, followed by full operating voltage (800 kV) for two restarts, and finally one
restart at 640 kV.

6.6. Physical construction

The construction of some typical DC filter components is shown in Figure 3. The HV capacitors for
the three branches are shown as constructed at Biswanath Chariali and Alipurduar.

At Agra however, due to the high level of industrial pollution and the consequent increased risk for
switchyard flashovers, the decision was made to build the entire 800 kV part of the DC switchyard in a
large indoor hall.
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Figure 3 — DC filter high-voltage capacitors, reactors and resistors at Biswanath Chariali



7. Configurations and conditions studied
The configurations studied to demonstrate compliance with the harmonic performance criteria were:

o balanced bipolar up to 1.0 p.u. power with all DC filters in service.
o monopolar metallic return with all DC filters in service.
e monopolar ground return with all DC filters in service.

For component rating, all feasible operating conditions up to the specified limits were taken into
account.

8. Fundamental frequency current in the DC circuit

8.1. Sources and effects

When a DC line shares the route along with ac transmission lines, steady state fundamental frequency
component will be superimposed on the DC current because of the inductive and capacitive coupling
from the parallel ac lines. This fundamental frequency current will be modulated across the converter,
creating positive sequence second harmonic current and direct current on the AC side. A very small
DC bias current in the converter transformer may cause an asymmetrical magnetization resulting in the
core saturation. The possible sources for such DC bias current have to be investigated and the
maximum predicted DC bias current must be maintained within the design limits of the converter
transformer, if necessary by the use of mitigation measures.

There are two possible sources for direct current bias in the windings:
e direct current in transformer neutrals due to ground potential differences difference earthing
points in the AC system, and
e cross-modulated fundamental frequency current in the HVDC circuit.

The latter may have three driving effects:
o fundamental frequency voltage induced in the DC lines due to parallel AC lines,
o firing angle unbalance, generating DC side fundamental voltage across the converter,
e AC side positive sequence second harmonic, cross-modulating to produce DC side
fundamental voltage.

These three effects are now considered in turn:

1) Induction from parallel a.c. lines
As the exact possible location of parallel AC lines along the route of the HVDC line was not
known at the time of specification, a worst-case scenario was postulated, defined as one
100km exposure of parallel 400k AC line, with 70m separation from the HVDC line
(conductor to conductor) and with a maximum load of 500MVA. The parallel section is
considered to be located at a point that results in maximum fundamental currents at each of the
converter stations. The A-type 400kV AC line tower configuration is considered.

The basic circuit model used for the calculation is shown in a simplified format in Figure 4.
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Figure 4 — Circuit for calculation of induction from parallel AC lines



Calculation of the induced current in the DC line requires proper representation of the driving
sources for the coupling, i.e. the currents in the parallel AC line. (Capacitive coupling is
negligibly low due to the relatively large distance between the lines.) These three phase
currents can be represented by the corresponding positive, negative and zero sequence
components. As the actual relative angle combinations of these sequence components in the
AC line are unknown, the induced currents are calculated for each phase sequence separately
and then magnitudes are added linearly. The assumed levels of negative and zero sequence
current in the a.c. line are both 2% of the positive sequence current.

2) Firing angle unbalance
The valve firing angles are tightly controlled, but any small remaining firing angle unbalance
will result in the generation of small DC side voltages at various harmonic frequencies and at
fundamental frequency. For these calculations, the maximum firing angle unbalance per valve
is considered which results in 0.1 kV per pole of fundamental frequency source voltage and
from that the fundamental frequency current is calculated.

3) 2nd harmonic voltage on a.c. bus
Any positive sequence 2™ harmonic voltage on the converter buses will generate a
fundamental frequency voltage across the converter DC terminals. For these calculations
pessimistically high levels have been assumed for safety - at the rectifiers, d2 of 0.2% and at
the inverter end (more industrial load) d2 of 0.4%.

Taking the above three fundamental frequency voltage sources independently, the currents in the
circuit were then calculated using the same HVDC converter and DC circuit model as used for the DC
filter design calculations. The maximum fundamental frequency current in each converter under any
operation mode and configuration was then calculated as the quadratic sum of the currents due to these
three sources. With the 3-terminal NEA80OO scheme, calculations were made for a 22 different
configurations of Bipolar, Monopolar Metallic, Monopolar Ground and Hybrid modes. For efficiency
of calculation, the ABB frequency domain circuit analysis program was used.

In order to verify the frequency domain analysis, particularly in terms of the cross-modulation and the
effective impedance introduced by the converters themselves in the DC side circuit, verification
studies were made of key cases, using the time domain tool PSCAD/EMTDC. Good correspondence
between the two sets of studies was observed.

Although the direct current does not transform to the line-side winding, it is convenient to calculate an
“equivalent line side winding direct current” so that. To obtain the approximate corresponding
magnetising effect on the line side winding, the cross-modulated current is therefore multiplied by the
turns-ratio of the transformer to give the absolute maximum DC current in the line side.

The total direct current in the neutrals of all the converter transformers in each station caused by the
ground potential difference at the converter station with respect to remote earth due to the HVDC
electrode current is assumed to divide among the total number of converter transformers in service.
This is then added to the cross-modulated “equivalent line side winding direct current” to estimate the
total effective direct current in relation to the limit specified by the transformer design.

Under worst-case conditions, the total direct current in the transformer windings would have far
exceeded the specified limit. Some mitigation measures were therefore essential.

8.2. Mitigation of DC side fundamental frequency current
Three possibilities for mitigation were investigated:

e Asshunt 50 Hz filter would bypass the induced current from AC lines and stop its flow through
the converters, but would exacerbate the other two, converter sources of fundamental current.



It would also allow very high 50 Hz currents to flow during commutation failures, and was
therefore rejected.

o Firing angle modulation can be used to set up an equal-and-opposite fundamental frequency
voltage across the converter, in order to annul any 50Hz current in the converter — a sort of
active filtering by the converter. By itself it was found to be insufficiently effective, and also
has the disadvantage of generating other unwanted non-characteristic harmonic frequencies on
both the AC and DC sides.

o Installation of 50 Hz series blocking filters in the converter neutral connections, in order to
insert a high impedance in the DC side circuit for fundamental frequency currents. This
solution was found to be effective, has been used previously on other HVDC projects, and was
therefore adopted.

Considering that the fundamental frequency current circulates in the complete DC circuit, in some
such HVDC projects it has been found necessary to install blocking filters only at one location in that
circuit, rather than at all stations. Studies were made with blocking filters installed at only the
rectifiers, only the inverters or at both, with the conclusion that it was sufficient to install filters only
at the inverter station, Agra.

Each blocking filter is composed of a single150 mH reactor unit, tuned by a parallel capacitor, with a
damping resistor located in series with the capacitor to give reduced rating stress. This reactor plays
no part in the normal smoothing process, as it is effectively bypassed by the capacitor at harmonic
frequencies.

The blocking filters are highly effective at the exact tuned frequency, but less so at the wide detuning
which would be possible due to the combination of frequency variations and the manufacturing
tolerances of the reactor and capacitor. The capacitor has been designed with small tuning units which
can be connected or disconnected offload to compensate for the manufacturing tolerances. This
greatly increased the effectiveness of the blocking filter.

An arrester was included across the parallel L-C components, and the dimensioning energy stresses
will occur during commutation failures, when very high fundamental frequency voltages are generated
and appear across the blocking filter.

9. Conclusion

This paper has described the challenges entailed in the studies and design of the DC side harmonic
filters for the multi-terminal project, and the mitigation of possible fundamental frequency currents in
the DC circuit by means of series blocking filters.

The scheme is due to be commissioned in 2015-2016.
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SUMMARY

Today the power market and the requirements on the power transmission systems are
characterized by the global environmental concerns over the use of conventional energy
resources (nuclear, CO2 emissions), the increasing demand for more efficient electric energy
production and transmission as well as the growing use of renewable energy resources. Power
systems are becoming increasingly more interconnected and heavily loaded. Stable operation
of the grids needs to be ensured under system conditions characterized by large-scale energy
trading and a growing share of fluctuating regenerative energy sources, such as wind and
solar power.

In response to these challenges, a new breed of efficient power converters, voltage-sourced
converters (VSC) based on modular-multilevel converter (MMC) topology, was introduced
into the market some years ago. The rapid technology development of larger, high efficiency
VSC HVDC systems is ongoing and will continue for many years. In addition HVDC line-
commutated converter (LCC) systems, especially with high power ratings, continue to play an
important role in providing solutions for these challenges.

Indeed high-power HVDC systems are currently being planned across the United States and
in other countries to bring the benefits of wind / renewable energy to consumers. Even if wind
energy is generated onshore often such renewable resources are located far away from load
centers. Existing power transmission infrastructure is often simply not capable of integrating
large amounts of wind energy for transmittal and delivery to the end user. Although HVDC
LCC technology is ideally suited for this task, providing an efficient and cost effective
mechanism for transferring very large amounts of power over significant distances, the
integration of bulk wind power poses challenges not only because of the behaviour of large
wind power plants, but also in their application in AC networks. AC faults or the loss of a
single pole operating at 1,500 to 2,500 MW can lead to severe disturbances in the AC
systems.
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The paper discusses recent technology developments in HYDC LCC schemes to facilitate the
integration of bulk power wind resources. The use of HVDC connections for intermittent
generation, such as wind and solar energy, offers advantageous control capabilities.
Integrating STATCOM?’s in LCC schemes ensures high security of the power systems and
makes it possible to meet stringent performance criteria even under weak system conditions.

HVDC LCC Multi-terminal systems may be considered for collecting power from large,
dispersed on-shore wind farms and could be used for power sharing over large geographic and
possibly intercontinental areas.

Innovative solutions presented in the paper have the potential to cope with the new challenges
of the power systems. This paper analyses some of the technical features of planned HVDC
projects to integrate large scale wind power, presents some unique challenges associated with
it and proposes novel solutions.

KEYWORDS

Dynamic performance; HVDC; HVDC projects; stability; STATCOM; SVC PLUS;
technology; weak system operation; wind power integration

1. Introduction

Today the power market and the requirements on the power transmission systems are
characterized by the global environmental concerns over the use of conventional energy
resources (nuclear, CO2 emissions), the increasing demand for more efficient electric energy
production and transmission as well as the growing use of renewable energy resources. Power
systems are becoming increasingly more interconnected and heavily loaded. Stable operation
of the grids needs to be ensured under system conditions characterized by large-scale energy
trading and a growing share of fluctuating regenerative energy sources, such as wind and
solar power.

Even, if wind energy is generated onshore often such renewable resources are located far
away from load centers. Existing power transmission infrastructure is simply not capable of
integrating large amounts of wind energy for transmittal and delivery towards the end user.
HVDC technology is ideally suited to integrate renewable energy resources such as wind and
solar power into the power systems.

2. Choice of Technology

2.1.  Voltage-Source Converters using Modular-Multilevel Converter Topology

In response to the challenges of the power market and transmission systems, a new breed of
efficient power converters, voltage-source converters (VSC) based on modular-multilevel
converter (MMC) topology, was introduced into the market some years ago. The rapid
technology development of larger, high efficiency VSC HVDC systems is ongoing and will
continue for many years.

Taking their distinctive features such as the capability to operate under weak AC network
conditions and to supply passive loads (auxiliary power supply of the offshore wind farms),
the smooth control of reactive power or AC voltage as well as the compact design into
account VSC systems are well suited for the integration of large wind power plants.



Moreover, VSC schemes can be equipped with dynamic breaking valve/ resistors (chopper) to
enable the fault ride through in case of AC system faults in the receiving AC network. Using
modular breaking chopper modules the dynamic breaking resistors dissipate the generated
power smoothly and thus ensure undisturbed operation of the wind power plant or isolated
network [2].

The operation of the three large offshore grid connections in the North Sea, BorwWin2 (800
MW, £300kV), HelwWinl (576 MW, £250kV) and SylWinl (864 MW, £320kV), using
HVDC PLUS proves the suitability and excellent capabilities of MMC technology to facilitate
the integration of bulk wind power resources. The HelWin2 project is scheduled to start
commercial operation in the first half of the year 2015. Figure 1 depicts the compactness of
such converter stations showing the currently largest offshore VSC platform SylWinl in
operation and the valve hall of HelWin1 [3].

al\ i, o R
Fig. 1: Offshore VSC platform SylWinl in operation and converter hall of HelwWinl
Using current technology, and some very near term developments, bipolar HVDC systems
with power ratings in the range of 2,000...2,400 MW (2 kA, 500...600 kV) are available.
Regardless of relatively lower power ratings the capital costs and losses are still somewhat
higher than for comparable line-commutated converter (LCC) HVDC options. In addition to
VSC HVDC systems, LCC HVDC schemes, especially with high power ratings, continue to
play an important role in providing solutions for the new challenges of the power systems.

2.2.  Line-Commutated Converter (LCC) HVDC Systems

Line-commutated converters require a relatively strong synchronous voltage for the
commutation process, which can be described as the change of current flow from one
thyristor valve to another in a synchronized firing sequence of the valves during operation.
Thus, stable operation under weak AC system conditions with low or very low short-circuit
ratio (SCR or ESCR) requires very fast control of AC voltage accompanied by further
converter control features. In addition to the voltage stability aspects, low short circuit
conditions of the AC system (high AC impedance) increase the demand for reactive supply in
combination with the requirement for smaller AC filter or shunt capacitor bank sizes
otherwise, the AC voltage change due to (sub-) bank switching exceeds acceptable levels. It is
worth mentioning that the large amount of reactive supply increases temporary overvoltages
(TOV) in case of large disturbances such as AC and DC faults.

Despite the operational aspects for weak AC system conditions, LCC HVDC systems are
characterized by a high degree of maturity, low power losses, significant inherent overload
capability, excellent DC line fault recovery performance as well as a high reliability and
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power availability. By the nature of the semiconductors available in the market LCC HVDC
has a very high current and overcurrent capability and can be used for HVDC transmission
with extremely high bulk power ratings up to 8,000 MW and up to +800 kV DC [1].

Fig. 2: Line-commutated converter station in operation

Although HVDC LCC technology provides an efficient and cost effective mechanism for
transferring very large amounts of power over significant distances, the integration of bulk
wind power poses challenges not only because of the behaviour of large wind power plants,
but also in their application in AC networks. AC faults or the loss of a single pole operating at
1,500 to 2,500 MW can lead to severe disturbances in the AC systems.

3. HVDC LCC Technology facilitating Integration of Bulk Wind Power

3.1.  Technical Challenges

Indeed high-power HVDC systems with ratings in the range between 3,200 and 4,300 MW
are currently being planned across the United States and in other countries to bring the
benefits of wind / renewable energy to consumers [2]. Many of the most valuable wind
resources in North America and other continents are located far away from the biggest load
centers. It is difficult to deploy the great wind resources available due to the lack of
transmission capacity. HVDC transmission, in particular LCC technology, has been
considered as the preferred solution to transfer onshore bulk wind power taking the following
aspects into account:

e well proven technology with high reliability / power availability and low losses
(<1.5% for two converter stations)

e power ratings using a bipolar scheme with £600 kV DC voltage whereas for VSC
schemes a parallel converter arrangement would be required

e capability to extinguish DC line fault currents quickly including a subsequent fast and
stable recovery — for VSC schemes DC breakers or full-bridge MMC would be
required to ensure stable operation of the wind power plant as well as the receiving
AC system

e no constraints regarding converter station footprint

Normally, large onshore wind power plants are connected to the AC system to provide
additional wind power to the local AC system as well as to enable the supply of auxiliary
power for the wind power plant / collector system by the local AC system. Therefore, there is
not a stringent requirement for black-start capability of the HVDC system. Using tapping of
transmission lines or considering single line connections (N-1 contingency conditions) to the
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local transmission system will result in HVDC operation under very weak system conditions.
Having such a large amount of wind generation in a relatively weak grid poses a number of
challenges such as the need for an optimized reactive power control scheme, operation with
low short circuit level conditions as well as the lack of significant inertia associated with wind
generation. For some of the projects being planned across the United States the effective short
circuit ratio (ESCR) at the rectifier AC bus without wind farm contribution is in the range of
1.4 or even lower.

For obvious reasons the wind power plants are clustered into several wind parks ranging
between 500 MW and 800 MW each. The HVAC wind collector system will terminate into
the converter station AC bus with 4 to 6 double circuits. Furthermore, different types of wind
turbine technology will be used to build such large wind parks.

In order to ensure stable and secure operation of the HVDC system as well as the local
connected AC system specific aspects need to be addressed properly. Technical feasibility
and compliance with the grid code requirements requires due consideration of the following
aspects:

a) The AC system frequency shall be maintained within the specified limits, including
temporary frequency excursions in case of contingency conditions: AC faults at
inverter side, DC line and converter faults, faults within the wind power plant or the
collector system.

b) The AC system voltage needs to be controlled within the specified limits taking into
account over- and undervoltage conditions during faults / full- and partial load
rejection and the HVDC recovery after fault clearing.

- The weak AC system connection may require special controls to keep the AC
system voltage and/ or reactive power exchange within tight bands in order to avoid /
minimize disturbances on the AC system, load flows etc..

c) Over-currents flowing into the AC transmission line(s) under contingency conditions
(full- or partial HVDC load rejection) shall not cause AC line-protection trips. Even if
the magnitudes are lower than maximum AC fault currents such over-currents may
last until the HVDC has recovered and has restored power transfer.

d) Compliance with the harmonic performance requirements as well as harmonic stability
of the grids (wind collector system), characterized by a large penetration of converters,
has to be ensured.

- AC filters with low-order filters and high-pass damping characteristic provide
adequate solutions

e) Start-up and shut-down sequences of the wind power plant / collector system in
conjunction with the operation at minimum HVDC power transfer levels, especially
for LCC systems, has to be determined thoroughly.

f) Most likely different types of wind turbine technology will be used. The different
types of wind turbine generators (WTG: type 3 — DFIG, type 4 — full converter)
including their controls will considerably impact the transient / dynamic response and
overall system performance.

3.2.  Technical Features and Novel Solutions

Technical features and solutions to facilitate the transfer of bulk wind power using HVDC
LCC technology have been developed and verified using EMT-type and stability simulations.
Some of the major technical challenges and corresponding solutions are summarized below.



AC frequency deviations: Due to the weak network conditions and substantial amount of
wind power installed at the rectifier side, frequency deviations can be significant during
contingencies. Therefore, several DC power modulation and frequency control functions are
implemented in the HVDC controls to ensure stable operation and to limit frequency
deviations in case of AC and DC system faults including the loss of one pole. Only in the
unlikely event of the loss of the HVDC bipole is cross-tripping of wind generation required to
maintain system stability.

Scenario - AC fault at the inverter side, resulting in an extremely weak AC system: The
AC fault is cleared by tripping the one of the most important AC lines. As a consequence,
the AC system was not strong enough to enable a fast recovery of the HVDC system to
100% pre-disturbance levels. A DC power limitation (run-back), combined with other
advanced control features, is initiated to quickly reduce the DC power to predefined
levels (e.g. 60% of the rated power) under such multiple contingency conditions (at
recovery). This power run-back function is very important to retain system stability and
to avoid repetitive commutation failures. As a result of the DC power run-back, some
generated wind power flows into the rectifier AC network. This is counteracted by
initiating a signal from the HVDC controls to the wind power plant controllers triggering
a proportional MW-output adjustment of the wind turbines. The function also prevents
thermal overloads in the nearby AC system area (similar for the loss of one pole). Fast
communication between the wind power plant controllers and the HVDC controls is
required.

If there is an additional need to increase inertia of the wind collector AC system the
integration of synchronous condensers can be used to strengthen the system. For example,
synchronous condensers in combination with STATCOMs will be required, if the HVDC
LCC system is operated at high power transfer levels in islanded mode with the wind
collector system. In order to comply with the grid code requirements at high wind power
transfer levels and extremely weak AC network conditions, islanded operation of the rectifier
/ wind collector with the AC system lines disconnected could be considered as alternative
mode. Controlled disconnection from the local AC system prevents large disturbances on the
AC system and allows operation of the wind power plant / collector system within broadened
frequency and AC voltage bands.

Active power exchange with the rectifier AC network: In order to control the active power
exchange between the wind power plant, the HVDC system and the connected AC network, a
power exchange controller (PI controller) has been designed and implemented in the HVDC
controls. The HVDC control system measures the active power flow into the rectifier AC
network and adjusts the DC power reference value to control the active power exchange with
the network within a predefined, narrow band. Due to the fluctuating nature of wind power,
this PI controller will slowly and continuously modulate the DC power, ensuring that in
steady-state conditions the AC network load flow is not altered and all generated wind power
is transmitted via the HVDC system. This controller action is based on local measurements
and thus does not rely on communication between the wind park controller and the HVDC
controls.

Scenario - AC fault at rectifier side: An AC fault in close proximity to the rectifier station
results in the trip of 764 MW wind generation. After fault clearing, the HVDC system
recovers quickly to pre-fault power transfer levels. Without additional measures, the lost
wind power will be drawn from the rectifier AC network. However, coordinated with the



fast acting frequency controller the implemented HVDC active power exchange
controller automatically reduces the DC power transfer level to minimize the power
exchange with the AC network at the rectifier side (Fig. 3).
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Fast and stable HVDC recovery / Transient and temporary overvoltages: During AC
system faults as well as DC line faults, there is a sudden loss of reactive power consumption
of the converter(s). For example, an AC system fault at the inverter causes an AC voltage
drop resulting in a HYDC commutation failure and the loss or reduction of DC power
transfer. Immediately after fault clearing, the HVDC system starts to restore power transfer to
pre-disturbance levels (recovery approx.. 200 ms). The MVAr mismatch between converter
consumption and the AC filter / shunt capacitors connected to the AC bus may result in high
transient and temporary AC overvoltages (before and during recovery). This can be more
important if the fault-clearing weakens the AC system, i.e. trip of important transmission lines
or large generators. State-of-the art multilevel STATCOM devices play a key role in this
aspect by providing fast dynamic reactive compensation.

In addition to the requirement to control overvoltages, the STATCOM supports the AC
voltage during the recovery by supplying maximum capacitive reactive power. This voltage
support function prevents an AC voltage collapse and thus assists in avoiding commutation
failures and voltage instabilities during HVDC recovery under weak system conditions. It is
very important to provide a robust solution for the whole range of operating conditions
including certain contingencies / pre-fault conditions (Fig. 4).

With adequate ratings of the STATCOM devices the number and size of the AC filter / C-
shunts can be optimized. There is no need to install additional shunt reactors.
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AC voltage control / Reactive power exchange with the AC network: Another important
design aspect is the AC voltage and reactive power control (RPC). In order to avoid an impact
on the AC system voltage (or load flow) at the point of common coupling, one solution is to
operate the HVDC system in “Q-mode” keeping the steady-state reactive power exchange
with the AC network within a specified band. Furthermore, if the AC voltage exceeds the
specified, normal range, fast voltage limitation control capability of the HVDC system with
incorporated STATCOM units will be utilized to minimize AC voltage deviations. Proper
coordination between the RPC of the converters including AC filters, the STATCOM units as
well as the voltage controllers of the wind power plant (park pilot) ensures optimized
operation and sufficient dynamic Var-control capability.

3.3.  Impact of Wind Park Models

It is important to note that the optimum overall dynamic performance of the HVDC system is
largely influenced by the dominant presence of wind park generation and its dynamic
response during system faults, HVDC power flow disturbances and potential sudden loss of
parts of the wind power plant generation. The wind park's dynamic behaviour will in fact be
based on a combination of various suppliers and types of wind turbine generators. Adequate
performance of the overall transmission system will necessitate a new approach to cooperate
in the provision of wind park control and wind generator data with the associated models. As
discussed above, the incorporation of STATCOM devices will assist in improving the AC
voltage stability. However, because the size of the wind power plant is so large and is
approximately equal to the HVDC transmission, its reactive power characteristics and AC
voltage control will dominate any voltage support devices installed at the converter bus. The
ability to influence the wind generator and wind park controller design with respect to power
recovery dynamics (fault ride-through response), reactive power and voltage control among
other fault response criteria is deemed to be necessary.



3.4.  Multi-terminal Systems

Long distance HVDC LCC transmission systems are becoming economically attractive to
exploit bulk wind power resources far from the load centers. Multi-terminal systems or mid-
line taps could result in substantial benefits for the crossed region. HYDC multi-terminals or
systems with taps enable to collect power from large, dispersed on-shore wind farms and
could be used for power sharing over large geographic, possibly intercontinental areas.
Despite the demand for a cost-optimized solution one of the major challenges is to minimize
the impact of the mid-line terminal on the reliability of the main transmission system. The
power transfer curtailment of the overall scheme due to tap / mid-terminal failures shall not
overwhelm the benefits of the third terminal.

Detailed investigations have been carried out to study and design a + 600 kV bipolar LCC
HVDC system with the capability to deliver 3500 MW of energy to the load center. The
rating of the parallel connected middle tap is only 500 MW compared to the largest station
rating of more than 4,000 MW. This large difference in rating will result in increased
probability of performance issues at the small tap especially when operating as an inverter.

The basic reason for the degraded performance as one tap becomes much smaller than the
other parallel converters is that a small current deviation at a large converter is a much larger
deviation (in percentage of rating) at the small converter. A transient current increase at the
small tap inverter can cause a commutation failure even when the AC voltage is normal. As
well, if the small inverter is in parallel with a much larger inverter and there is a small AC
voltage reduction at the small tap, the DC current will increase and some of the current
formerly flowing to the large inverter will divert to the small one, again increasing the
probability of a commutation failure.

In order to improve the performance and to reduce the effect described above, the small tap
has been configured as a 500 MW monopolar converter tap. Consequently, one pole is
operated with three parallel converters and the other pole in a point to point operation. With
this configuration the small tap rating of 500 MW is almost 25% compared to the largest
converter in that pole. The DC switchyard of the monopolar converter terminal has been
configured to allow bi-directional operation of the tap in both poles. Additional HVDC design
measures and control features incorporated ensuring reliable and stable operation of the multi-
terminal system.

4. Conclusion

It is widely acknowledged that HVDC LCC technology provides an efficient and cost
effective solution for transmitting very large amounts of power over significant distances.
However, the integration of bulk wind power using line-commutated converter technology
poses a number of unique challenges. Design and stability studies carried out demonstrate that
these technical issues can be solved with the implementation of advanced control features as
well as a proper coordination between the controls of the wind power plants and the HYDC
system. With the incorporation of STATCOM units, the AC voltage stability and the overall
dynamic performance can be enhanced considerably. Moreover, LCC multi-terminal systems
may be considered for collecting power from large, dispersed on-shore wind power plants and
could be used for power sharing over large geographic areas. Innovative solutions have the
potential to cope with the new challenges associated with the integration of bulk wind power
resources using HVDC LCC technology.
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SUMMARY

HVDC electrodes have traditionally been installed on HVDC transmission systems to provide a low
resistance current return path during both monopolar and bipolar operation, using the earth and/or sea
as the conductive medium. HVDC electrodes are in general less costly and have lower losses than
dedicated metallic return conductors. Although environmental concerns are tending to increase, a
number of electrodes have been in use more than forty years without safety issues and with very little
actual measurable environmental impact.

Available literature on HVDC electrode design generally covers electrodes in simplified way using
regular geometrical shapes, rule of thumb site selection methodologies, generalized discussion of
impacts of electrodes on infrastructure, and provides limited information on existing electrode
installations. Topics such as electrical ground potential rise and surface gradient studies to define step
voltages and transferred potentials, electrode element material selection, instrumentation and
auxiliaries required for an electrode station, application of electrodes for VSC HVDC systems,
electrode testing and commissioning, and pond electrode analysis and design are not covered in detail.

With the development of new geophysical and geological investigation techniques, and more powerful
computer simulation tools for electrical field studies and infrastructure modelling, potentially more
economical designs of ground electrodes can be achieved, and the impacts of the electrode operation
on existing or potential future infrastructure can be more accurately quantified. CIGRE WG B4.61
was initiated to highlight updated techniques and to formalize methodology and guidelines for the
analysis, design and construction and testing of new electrodes and refurbishment or extension of
existing electrodes.

This paper provides an overview of technical brochure that is being prepared by the WG with focus on
the design considerations and new technologies that have become available for the electrode site
assessment/selection and prediction of potential local and remote impacts.
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HVDC Electrode, environmental impact, safety consideration, Site selection, Electrode design



1. INTRODUCTION

CIGRE WG B4.61 was formed in 2011 to prepare a technical brochure that provides general
guidelines for the design of ground return electrode stations for HYDC transmission system.

The scope of the WG includes

1. Review of HVDC schemes, electrode configurations, and modes of electrode operation.

2. Review of electrode types, selection of type of electrode for a scheme.

3. Update a survey conducted by B4-44 on operational experience of installed electrode stations
and designs of auxiliaries and monitoring systems.

4. Develop or summarize electrode design criteria including electrode duty, safety, polarity,
electrical interference, corrosion impacts, and electrolysis emissions.

5. Review of site selection criteria and process.

6. Provide an update on the technology available for electrode station study and design

7. Geological modelling scenarios, including earth and water resistivity measurement
technologies; field programs to collect the resistivities, and definition of extents of geological
units to be modelled

8. Electrical field simulations, including modelling the electrode in the earth and/or sea model
and interpretation of results

9. Land, shore/pond and sea electrode design processes and design examples including data
required for environmental impact assessment.

10. Electrical interference, corrosion impact and simplified electrolysis emission analysis.

11. Electrode line termination and integration into electrode installations.

12. Auxiliary systems for electrode stations.

13. Testing and commissioning practices.

14. Operation and maintenance including possible instrumentation monitoring

Due to the limitation on the size, it is not possible to cover all the topics of Technical Brochure in this
paper. Thus the following aspects will be addressed in this paper.

HVDC configurations that result in ground return current
Types of electrodes and selection

Electrode site selection process

Design considerations and methodology

2. HVDC SCHEMES ASSOCIATED WITH GROUND RETURN CURRENT

The basic configurations of HVDC systems include back-to-back, bipolar, monopolar and multi
terminal systems. The HVDC schemes using electrodes as ground return path are described here.
Figure 1 shows the monopole configuration with continuous earth return operation. The converter
station may use either LCC Line Commutated Converter (with thyristor) or VSC Voltage Sourced
Converter (using transistor as IGBT for instance). The reversal of power flow is possible with
reconfiguration of pole conductor and neutral bus for a LCC scheme, and through controls without
reconfiguration for a VSC scheme.
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Figure 2 shows a bipolar configuration. The earth return circuit under normal operation carries only
the bipolar imbalance current and full pole current including overload current under a contingency of
the loss of a pole. The scheme can incorporate a metallic return provision to limit the use of earth
return operation under a contingency. A bipolar system can temporarily operate as monopolar with
ground return during pole trip under fault conditions as well as pole maintenance as in Figure 3. The
current to ground is equal to the pole current.

3. TYPE OF ELECTRODES AND SELECTION OF ELECTRODE TYPE

There are three main types of electrodes; land electrodes, shore/pond electrodes and sea electrodes.
Within each of the above categories there are possible variations in type and geometry. Generally
electrode construction is most favourable in lowest available resistive media and circular geometry is
applied where possible to avoid unequal current distribution due to fringing effects. However
successful designs have and can be achieved even with irregular shapes and relatively high soil
resistivity.

Selection of the electrode type and electrode geometry is a critical step during ground electrode
design. Significant effort is required to select technically feasible, reliable, economical, site with
acceptable environment impacts. In the selection of the electrode type one should consider the
following factors:

e Maximum ground current and duty of electrode operation

e The predominant soil resistivity and geology in the vicinity of the converter station.
Favourable soil conditions would allow land electrodes in areas where the converter is far
from the sea.

e The distance between the converter station and the sea (sea/shore/pond electrodes offer the
possibility of installation in very low resistive media)

e Number and types of infrastructure near the electrode that a could be affected by electrode

operation

Land use and social impact

Operation and maintenance philosophy

Possible environmental impact

Cost

The type of electrode to be used normally becomes clear during in parallel with the site selection

process and design process.

4. ELECTRODE SITE SELECTION CRITERIA AND PROCESS

The typical steps in the site selection process are presented in a flow chart in Figure 4.
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FIGURE 4 - TYPICAL FLOW CHART FOR SITE SELECTION PROCESS

The results from one step in the process will most likely influence the process for the following steps
and there could be loops. It can therefore be difficult to plan the entire process in detail beforehand.
Different steps in the process are described in the sections below.

The flow chart should be seen as a generalized framework. Each project is unique and the different
steps in the site selection process might be carried out in a different order. Since the process is iterative
and the outcome can be difficult to predict, it is important to start the site selection process at an early
stage of the HVdc project.

4.1 Site Exclusion Process

The first step in determining appropriate locations for electrode station sites is usually to conduct a site
exclusion study. Such a study will assist in order to quickly eliminate inappropriate sites.

As input to a site exclusion process, the following information would be required:

e The areas where the converter stations are to be located.

e The areas where electrodes will not be allowed to be built.

e The areas where electrodes might be allowed to be built, but at a high cost or with
environmental impact or significant impact on infrastructure

o |f the electrode line (or cable) could be routed through the local terrain.

Geospatial information tools such as Geographic Information Systems (GIS) are useful to quickly
carry out such studies. The datasets can be loaded into a GIS application as spatial layers, exclusion
criteria can be developed and implemented and as a result, areas considered unsuitable for electrode
location can be identified.

In cases where no potential sites with suitable geophysical and geological characteristics can be found
after the site exclusion process, it would be necessary to revisit the process and possibly adjust some
of the exclusion parameters recognizing that there may be economic impacts.

4.2  Geophysical, geological and hydrological aspects of site selection

The effective resistivity of the soil may vary within three or four orders of magnitude between areas of
different geological conditions and the resistivity distribution is therefore a critical parameter in the
selection of electrode site.

The electrode must be located in a location where the resistivity of the soil material is low and
relatively consistent so that sharing of current between electrode elements or electrode sections will
not be too uneven. The resistance of the electrode to remote earth depends on not only the properties
of the host material near the electrode, but also the resistivity of rock units away from the electrode.
For example, an electrode placed in e.g. fairly thin low-resistivity soil cover underlain by high-
resistivity rock will have high resistance.

The resistivity down to a depth that is comparable to the distance between the electrode and the
observation point must be considered. If the underlying rock or geological strata exhibits high
resistivity, the current will not rapidly disperse deep into the earth and problems with corrosion of
buried infrastructure due to stray currents may occur at tens of km away from an electrode. .

Unfavourable conditions with high electric resistivity in the bedrock is common in areas dominated by
solid crystalline rock (granite, gneiss or similar). Favourable conditions with low resistivity to
significant depth may be found in certain geological environments like deep sedimentary basins, rift
zones, areas with active volcanism and areas with graphite bearing rock.

For sea/shore/pond electrodes, the low resistivity of salt or brackish water will usually keep electric
fields at low levels around the electrode. However, significant electric fields in the water can result if a
sea/shore/ pond electrode is located in a shallow water environment underlain by solid, crystalline
rock.

Electrode resistance, thermal effects and electro-osmotic effects are dependent on the soil material into
which the electrode is installed. Unfavourable soil conditions may require large electrodes with large
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contact surface to the host material and will be more expensive. Careful selection of electrode site
might therefore be cost saving.

4.3  Geoscientific desktop study and definition of candidate areas

The purpose of a geoscientific desktop study is to compile available geological and geophysical
information into a regional model of relevant parameters for selecting candidate locations. Relevant
information includes but is not limited to the following.

e Geological maps which are usually available at different scales.

o Deep geophysical measurements like magnetotelluric (MT) measurements. The image in
Figure 5 shows a two dimensional interpretation of the variation of resistivity with depth along
a given line derived from magnetotelluric data acquired around the Gerus electrode of the
Caprivi Link.

e Airborne geophysical data which are available from some national geological surveys. Figure
6 shows results from helicopter-borne measurements at Caprivi, Namibia. The resistivity at
approximately 15 m depth below surface is shown.

e Marine geological maps.

e Bathymetric information.
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Information that is relevant for the site selection process should be extracted from the available
sources of information. The result may be very detailed or quite coarse depending on the available
information. The information should be presented in a desk-top study report. The report should point
out areas where it should be possible to locate an electrode and where it would not be possible. The
report should also include information about what information is missing for the next steps in the
process.

4.4  First resistivity model

It is advisable to construct a tentative resistivity model of the ground based on the outcome of the
desktop study. The complexity of the model will be a function of the available data. The resistivity of
certain geological units might be completely unknown and values may be assigned based on the
experience from other places with similar geological conditions. The model can be used to predict the
magnitude of the electric potential and the electric field as a function of distance from a tentative
electrode position. The predictions should be treated with great caution if the model is based on
uncertain and/or inferred parameters.

4.5 Initial field investigations

The geoscientific desktop study might not give information about the resistivity at large depth. The
desktop study and first resistivity model should indicate if such information is necessary for the site
selection. A magnetotelluric survey should be carried out if that is the case.

Initial field investigations should also include site visit for geological reconnaissance mapping. The
site visit should focus on parameters that are essential for the electrode function and construction. This
will include rock and soil types, soil particle size, soil moisture, possible depth to ground water table,
land access and constructability, environmental factors etc.
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Initial field investigations for sea electrodes can include sonar or echo-sounding investigations of sea-
bottom topography and morphology. It should also address possible restrictions for electrode cable
routing.

4.6 Site selection

Candidate sites for an electrode should be selected in areas that have passed the site exclusion process
and where appropriate geological conditions can be expected based on the geological desk-top study
and initial field investigations. A number of candidate sites can be selected since some of sites may be
disqualified later based on the results of detailed site investigations.

Trench based land electrodes should preferably be located in areas with shallow groundwater. Clayey
soils should be avoided if the electrode will be used as anode, since problems with electro-osmosis
might occur. Land electrodes based on vertical boreholes should be located in areas with fairly thick
cover of alluvial sediments, permeable sedimentary rocks or similar. The groundwater should be at
reasonably shallow depth to avoid the necessity of drilling deep holes. Drilling may also be
complicated by unconsolidated sediments since holes might collapse.

4.7 Permitting, land acquisition, line servitudes

Detailed field investigations will in many cases require land owner and stake holder permissions.
Many types of geophysical and geological investigations might therefore be limited to selected sites
where such permissions have been arranged. The permitting process can take considerable time. It is
therefore essential that the entire site selection process is started in good time so that the site selection
will not become a matter of where the permits can be arranged quickly enough.

4.8 Detailed field investigations

Detailed site investigations with geophysical methods should be carried out in order to test if candidate
sites fulfil the requirements for an electrode location. Testing of candidate sites on land might in some
cases require boreholes and in some cases not. Electrode sites can be tested with DC resistivity
measurements. Profile measurements with some kind of multi-electrode system will enable two- or
three-dimensional modelling of the data. An example of the results from such a survey with around 10
m investigation depth is seen in Figure 7.
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FIGURE 7- RESULTS FROM DETAILED GROUND RESISTIVITY PROFILE (COURTESY OF NAMPOWER)

Detailed field investigations for sea electrodes should investigate factors like sea currents, sea-bottom
roughness and sea-bottom soil conditions. Morphological and geological investigations can include
side-scan sonar, sub-bottom profilers and echo-sounders. Bottom conditions should also be
investigated by divers and/or with underwater vessels and documented by camera. Soil sampling can
be carried out with grabsamplers or boxcorers.

5. DESIGN CONSIDERATIONS AND PROCESS

Design of an electrode must consider the following aspects:

Safety

Physical design criteria and constraints

Potential environmental impact

Potential influence of electrode operation on other facilities



These aspects would be addressed in the design roughly in the sequence indicated above. As with site
selection the process may need to be adapted or modified for individual designs. A conceptual flow
chart of the design process is shown in Figure 8.
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FIGURE 8 -CONCEPTUAL FLOWCHART OF ELECTRODE DESIGN PROCESS
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5.1 Safety Criteria

The safety requirements of a ground electrode can be summarized in a single objective “the operation
of the electrodes shall not result in unsafe conditions for people or animals either in publically
accessible areas or within controlled areas accessible only to authorized maintenance workers”. This
general objective requires consideration of the full range of possible operating modes of the electrode
and consideration possible conditions and facilities within the areas that can be influenced by the
electrode in operation.

The operational conditions considered for safety fall into two categories:

(a) conditions which can persist for 10 seconds or longer which, for safety purposes, are
considered to be continuous, and

(b) transient conditions which would persist for 10 seconds or less. In the case of a dc transient
line fault the transient overcurrent would persist for only about 50 ms until the current line
protection and current controller will reduce the fault current to zero.

The criteria for these two time frames are different since the tolerance of the human body to current is
time dependent [4]. Single values of current for the continuous and transient limits rather than curves
are used for convenience and simplification of design calculations. The single-valued limits are
selected to provide significant margins to let-go current limits or heart fibrillation currents. The
sensitivity of adults to dc current has been studied and tested but there is very little data concerning
children. It is known that the threshold of perception and let-go currents are lower in women than in
men and children are expected to be slightly lower than women.



The following voltages and voltage gradients are calculated when performing design calculations for
electrode design:

Step voltage

Touch voltage

Transferred potential

Metal to metal touch voltage

Voltage gradient in water (if applicable)

Step voltages approaching the limits would normally be confined to within the areas of the earth
electrode sites. Of the above safety criteria, only two may extend for significant distances into
publicly accessible areas:

o Transferred potential, and
¢ Voltage gradient in water

As the public cannot be protected from these effects by restricting access behind locked fences the
calculated values need to be predictable and conservative and the means to mitigate them needs to
exist, otherwise a new site may be needed.

Actual limits of safety are related to current flows in the human or animal body but the criteria most
commonly applied in electrode design are voltages or potential gradients. The most limiting of the
calculated values becomes governing for the design for safety purposes.

When calculating acceptable voltage criteria for electrode design it is necessary to make assumptions
with respect to resistance of the body and the contact resistance between the body and the earth or
energized object. There are some differences between IEC 60479 [5] in this regard but the IEEE
calculation methodology has been most widely applied for electrode design.

Body resistance and contact resistances in series with the body resistance are as follows:

() Hand and foot or skin contact resistances to metallic structures are equal to zero.

(b) Glove and shoe resistances are equal to zero.

(c) The value of resistance of the human body can be approximated by a single resistance with a
value of 1000 Q. This value is used to represent the resistance of a human body from hand-to-
feet and also from hand-to-hand, or from one foot to the other foot. (i.e. Rg = 1000 Q)

(d) The contact resistance of a foot to ground is taken to be the same as that of a metallic disc
representing the foot. The foot is represented as a circular plate with a radius “b” of 0.08 m.
The resistance from each foot to ground (Rf) for soil surface resistivity (ps) is given as

Rf=E= 3.125+ps
4b
The above assumptions are consistent with the assumptions made in IEEE Std. 80 [6] relating to safety
in substation design.
Step Voltage/Touch Voltage/Metal to Metal Touch Voltage

Step voltages/touch voltage should be limited to values that will not exceed the following criteria:

(@) The step/touch voltage in publically accessible areas under continuous operating conditions
should not exceed a value that would result in body currents above the threshold of perception.
(IBc<5 mA)

(b) The step/touch voltage during short time and transient operating conditions and transient faults
shall not exceed a value that would result in body currents exceeding the lowest threshold of
let-go-current. (1Bt < 30 mA)

These values are fundamental limits related to human tolerance. The determination of step voltages,
touch potential and metal to metal touch voltage corresponding to these criteria is illustrated
conceptually in Figure 9. A similar diagram can be made for transferred potential and for voltage
gradient in water.
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Transferred Potential

Transferred potentials can be present on metallic objects or cables which are on the site and which
may become grounded at one point and floating at another point. Metallic cables entering or leaving
the site or metallic fences near the site can also pose a risk of transferred potentials.

The highest transfer potentials that can occur would be equal to the difference between the maximum
and minimum values of ground potential on the site. The maximum relatively long duration transfer
potential will occur at the 10-second short time overload current.

Transferred potential is a special case of touch voltage and thus the same body current limits and
associated continuous and transient voltage limits would apply. However in this case the distance can
be any unspecified value. Suitable design measures and electrical isolation or sectionalization of
facilities must be applied to avoid dangerous situations.

5.2 Electrode Physical Design Constraints and Criteria
Operating Duties and Project Life Cycle

Electrode duties are based on the anticipated pole outage rates which result in the need for monopolar
operation of the HVDC system, bipolar imbalance current under normal operation, load factors, and
planned operating configurations of the HVDC transmission system. These duties result in loss of
electrode element materials and may have cumulative corrosion impacts on the surrounding
infrastructure and. The design of the electrode shall be such that the electrode elements shall be able to
sustain operation over the life cycle of the project or shall be replaceable at regular intervals.
Operating duties may be limited to lessen the impact on infrastructure in the electrode zone of
influence or alternatively mitigation works may be applied to protect important infrastructure against
the effects of electrode operation.

Current density

The current density of electrode element surface should be selected to avoid risk of electro-osmosis,
migration of water molecules under an electric gradient for land, and to reduce chlorine selectivity for
element in contact with saline water for beach and sea electrodes. A higher current density can be used
for pond electrodes. Also a lower current density results in lower chlorine selectivity and the type of
elements used will also have an influence.



A current density of less than 0.5 A/m?to 1 A/m?is recommended for land electrodes [1] and 6 A/m?to
10 A/m*for sea electrodes.

Thermal stability at specified current ratings

The current rating that is of primary concern for electrode thermal design is the continuous current
rating. The durations of the short time overload current and transient overload current are too short to
have any noticeable impact on the thermal rating of the electrode. Thermal stability of the electrode
system needs to consider the time duration of service at maximum current levels to assure long term
stable life of the completed systems.

Polarity- Anodic and Cathodic Operation, and Element Types

The polarity of a ground electrode is specified as a cathode, to which current flow from the earth, or as
an anode, from which current flow into the earth. For a scheme where current flow direction through
the earth return path remains the same, the grounding sites can be designed as an anode and as a
cathode. In case the direction of current flow changes periodically, the grounding sites shall be
reversible type having capability to operate as an anode and as a cathode.

The ground electrodes associated with a bipole scheme are reversible since the direction of bipolar
imbalance and monopolar current under a pole outage current can reverse, and a monopole scheme
may have reversible or single function ground electrode.

5.3 General Data Requirement for Design
Current Rating

The HVDC scheme current that passes through the ground electrode is the prime parameter by which a
ground electrode is rated. The current passing through a grounding site is a function of the HVDC
scheme design and its operational configurations. To ensure its electrical performance, the electrode
must be sized adequately for the current while maintaining the electrode element current densities
within the recommended limits. The operation and maintenance factors to be considered include
maintenance on a subsection of the electrode during operation, and safety for access to electrode
elements for inspection and maintenance.

The HVDC system currents (continuous, short-time, and transient) form the basis of the grounding site
design. The ground electrode shall be designed to meet the safety requirements for the maximum
transient electrode overcurrent.

Soil Physical and Chemical Properties

During the design of earth electrodes, the main physical properties of the soil on the electrode site
should be measured in order to determine the electrical parameter model of the site, thermal properties
of soil and evaluate the impact of the earth electrodes on the environment. The main properties of soil
include resistivity, thermal capacity, thermal conductivity, highest natural temperature, moisture,
depth to water table, type of soil or rock material, moisture content, depth to water table, electro
osmosis and chemical properties.

5.4 Desigh methodology

Electrode design includes consideration of the following factors all of which must be within
acceptable limits

(a) Electrode dc resistance

(b) Thermal stability at specified current ratings

(c) Design life based on corrosion

(d) Current density

(e) Current sharing between sub-electrodes

(f) Potential interference with other nearby facilities

Simulations

Direct calculations using analytical expressions are usually used for preliminary calculation of step
potentials and current density at the electrode-soil boundary. However such methods are not sufficient
10



if the soil in the immediate area of the electrode is not uniform. Programs are available which using
numerical methods which allow the detailed modelling of soil structure near the electrode to establish
the expected variation in step voltage or current density even in non-uniform soil.

In general, the soil resistivity structure would be modelled at three levels of depth based on:

e Near surface — hundreds of meters by means of electromagnetic soundings or large
separation DC resistivity measurements;

o Shallow — tens of meters by means of DC resistivity measurements with short transmitter-
receiver separations or shallow electromagnetic soundings;

o Deep — down to Moho (crust/mantle interface) by means of magnetotelluric measurements

Two kinds of soil resistivity structure can be constructed:

o Detailed and near-surface model — close to the electrode (up to two times its diameter) using
the data form the shallow and near-surface surveys;

o Wide area model — covering all the interference area, by means of e.g. a layered model using
the data form the deep survey.

The detailed modelling is required near the electrode elements to ensure that the design including the
backfill material such as coke is adequately modelled to show the ground potential rise (GPR) and
potential gradients near the electrode. Figure 10 shows an example of top layer soil resistivity
modelled in an area within 250 km of the electrode.

Sensitivity cases including the outage of sub-electrodes, variable top soil resistivity representing
seasoning variations and higher resistivity layers at deeper earth shall be carried out to establish a
range of conditions that could occur based on differences in assumptions with respect to the extent and
depth of regions of different resistivity. Example of calculated ground potential rise and potential
gradient are shown in Figure 11, Figure 12 and Figure 13.
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Verification of Design

The design of electrode should be verified after the installation and during the commissioning of the
HVDC system by carrying out electrode site measurements to confirm the electrode design meets the
desired criteria and requirements and to demonstrate that the influence on other facilities is within
acceptable limits. The electrode site tests would include measurements of

Soil temperature and moisture

Electrode resistance

Step and touch voltage

Ground potential rise

Current distribution between sub-electrodes

The measurement results would be compared to the calculated and simulated design values. In
general, the actual measurement results may never exactly match the design since there is always some
uncertainty in the data used in the modelling process. However, they should agree within a within the
range of the design values investigated in the sensitivities. If the measurements are significantly
outside of the design range it could affects HVDC system operation and performance and also result in
safety concerns, and unexpected mitigative work and cost.

6. IMPACT OF ELECTRODES AND MITIGATION OF ADVERSE IMPACT

There is no major difference between ground currents of AC systems, DC systems or lightning strikes
to earth. In all cases current flows through earth and dissipates through the easiest path possible.
Nevertheless, the environmental impacts and their area of influence are different. For AC grids, the
main concerns relating to ground currents operation are safety aspects and operational problems.
However, for HVDC ground electrodes the dc current would be injected into the earth for an extended
period. Thus, the safety aspects need to be taken care of in the design but other non-immediate
problems may appear. Impacts may include the following:

Corrosion of buried infrastructure

Saturation of grounded transformers

Interference to communications systems

Chemical reactions in water or soil

Soil and groundwater heating near the electrode

Transferred potentials near the site or on long metallic structures off the site

Assuming that ground current is not specifically prohibited by the regulatory framework, obtaining
environmental approval requires careful consideration and description of both local and remote aspects
of potential impacts.

Local impacts which would occur in the immediate area of the electrode can normally be minimised or
mitigated by careful design of the electrode itself. However remote impacts which may occur within
ten or more km from the electrode can normally be avoided or mitigated only by proper site selection,
applying mitigation to important facilities, or in extreme cases by changing the site or severely
constraining electrode operation.

Local aspects at or near the electrode site generally involve electrical safety or environmental release
of chlorine gas or metals from the electrodes and thermal/heating considerations. Remote impacts
may include corrosion or electrical interference with existing or new infrastructure (pipelines,
railways, power lines, transformers and telecommunication) or impacts on electro-sensitive species.

At an early stage in the project both remote and local aspects can only be investigated by modelling. In
the past the design process and investigation of impacts was hampered by lack of data and lack of
adequate software to permit study of the potential impact in fine detail. Advances in soil resistivity
survey methods and development of finite element software have now provided enhanced capability
for study and exploration of sensitivities.

7. OTHER ASPECTS COVERED IN THE GUIDE
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The guide for design of HVDC electrode also covers the following aspects

e The connection between the converter station and the electrode station which is usually
referred as the neutral line or electrode line. Neutral lines can be built as overhead lines or
using insulated cables for undersea or underground lines. Both electrode lines technologies are
described.

e Auxiliary systems for electrode stations including the station service supply and monitoring of
electrode station.

e Testing and commissioning associated with electrodes.

e Operation and maintenance of electrodes stations.

8. SUMMARY

Environmental concerns related to electrode operation have more prominent in recent years due to
greater public awareness of potential impacts and tighter environmental approval processes and also a
greater number of HVDC projects. While the environmental process can be challenging, the long-time
successful operation of many existing electrodes indicates that the potential environmental impacts
from electrodes can be reduced to tolerable levels or eliminated either by suitable selection of the
electrode site for impacts remote from the electrode and by application of good design techniques if
the impacts are near the electrode or on the electrode site.

Advances in tools for electrode site investigations and electrode designs design include

a) Magnetotelluric (MT), audio magnetotelluric (AMT) and airborne geophysical measurements
(AGM) electrical resistivity tomography (ERT) soil resistivity survey and interpretation
techniques.

b) Improved access to land use and facilities databases

c) Greatly improved modelling software using finite element software capable of very fine
resolution in the area of the electrode while providing adequate resolution of very deep soil
structure and structure of soil in three dimensions surrounding the electrode. This allows
consideration of reasonable ranges in sensitivity in soil resistivity.

The guide is a collection of most recent techniques, processes and descriptions of software and
procedures involved in site selection and electrode designs.
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Sr | Type of | Merits Demerits Constraints
No | Bonding
1 Single Simpler, Less Standing voltage at Higher voltage across
Point Maintenance open end sheath may damage the
Bonding sheath
2 Double Simpler, Less continuous circulation | Required to design
Point Maintenance of sheath current oversized cable to
Bonding results in cable de- compensate de rating,
rating and reduced life | XLPE insulation
of cable degradation
3 Cross Zero circulation | Complex design, Require specially designed
bonding current, required routine sheath voltage limiters,
Improved check and link boxes. Require routine
ampacity and life | maintenance check and maintenance of
of cable these SVL, Link boxes etc
Table 1- Comparison of cable bonding system
Figure 7- Cable cross bonding system
2.4 HVDC Interconnection

High Voltage Direct Current Transmission seems best feasible option for bringing bulk

power into cities considering following technological advantage

Bulk power transmission
Controlled power flow
Stability improvement
No need for intermediate reactive compensation station as required with ac cable
Smaller Size cable requirement as compared to ac cable

ROW can be shared with other utility

There are two technologies available in HVDC cable systems i.e Line commutated converters
(LCC) or Current source converters & Voltage source converter (VSC). The above
mentioned technology is explained as under




2.4.1 Line Commutated Converters (LCC)

Line commutated converter’s operation depends on line voltages of the system to which the
Converters are connected. LCC technology is more preferred for the bulk power
transmission. Considering metro cities applications it shall not be preferred solution due the
constraints as mentioned below.
e High reactive power compensation requirement at Converter Terminal stations.
e Large space requirement due to additional reactive power compensation
equipments
e Requirement of strong & stiff grid i.e Short circuit ratio higher than 2.
e Larger harmonic filter requirement
e Output with Harmonics Generation leads to additional filter requirements
e Lack of Black start capabilities required during the grid restoration
e Cable construction is complex as compared to XLPE cable used for VSC
technology

2.4.2 Voltage Source Converters (VSC)

Voltage source converter uses solid state devices like Insulated Gate Bipolar Transistor
(IGBT) with controlled Turn-on and turn-off capability for its operation. These converters are
self commutated converters and do not depend on the voltage of the ac system.

Basically it works as a voltage source behind the converters or the generator without inertia.
This works as a virtual generation without inertia located inside the city. The dc capacitor
connected across the converter acts a source of voltage. The operation of VSC converter is
fully controlled by Pulse width Modulation techniques and presently multi level topology.

The VSC Converter operation provides better quality of AC power due to its advanced
switching techniques and multi level topology, which leads to reduced harmonics generation
and hence reduced requirement of filters and thereby saving of space. The VSC Converters
are having excellent 4 quadrant operation for exchange of Active & reactive power
independently. Because of its operational characteristic it won’t require any reactive power
support. Additionally it can support the grid by delivering or absorbing the reactive power
during fault & overvoltage contingencies respectively.

Cities are having small generation, which results in lesser short circuit ratio. The VSC
advanced control system enables to connect the VSC HVDC system to the weak grid which
is having the short circuit ratio less than one. Thus VSC is the best option for similar type of
cities with limited internal generation. In the recent past the converter and cable rating are
reached to one GW level and 320kV respectively, which enable us to meet the bulk power
requirements.



3 BENEFITS OF VSC BASED HVDC SYSTEM

3.1 Unique black starts capabilities.

Mumbai being critical load center for the growth of the country, the restoration of grid in case
of Cascade tripping, major grid disturbance and blackouts is critical. The blackstart facility in
the VSC technology can support the important load in the event of grid disturbance.\VSC
technology can meet generator station power requirements for auxiliary lightups with its
black start capability. Thus restoration of generation station is much faster compared to other
counter type.

3.2 Short circuit ratio requirement

Short circuit ratio requirement for VSC HVDC system is minimum. The advanced VSC
Controls enables the faster voltage recovery of ac system during system fault. The
conventional LCC based HVDC is susceptible to commutation failure, when the connected ac
system is subjected to faults. Unlike ac interconnection, dc interconnection offers isolation
between two ac networks. DC links does not increase short circuit current level due to
advanced control system and fault isolation. In conventional ac system, addition of any grid
element like interconnecting lines results in increased fault level at respective bus.

3.3 Flicker control

Considering the critical load centers in Mumbai, quality of supplied power must be ensured.
Most of the equipment, instrument loads in commercials premises are sensitive to voltage sag
and swells. During such abnormal voltage condition they get affected and fail to operate.
One of the cases is mentioned below, where the fault at EHV network resulted in marginal
voltage dip in downstream network i.e distribution. Two of the instances are mentioned
below

a) Tripping of 220 KV Grid Line on 06/11/2014 has resulted in voltage dip of 42.52% at
the RInfra 220kV Substation thereby proportionate dip at 11kV and 0.415 V level.

b) Tripping of 220kV Grid line on 17/10/2014 has resulted voltage dip of 15.43% at
11kV Network of Reliance Infra.
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Figure 8- Voltage profile at 11kV network during 220kV system fault
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VSC HVDC will provide dynamic support of reactive power during the fault duration to
improve the system voltages. Additionally it can support the grid by delivering or absorbing
the reactive power during fault & overvoltage contingencies respectively.

3.4 Reduced reactive power compensation requirement

LCC HVDC system requires at least 0.3-0.5 pu of reactive power support during its
operation. This reactive power requirement is met through harmonic/reactive power filters.
In VSC HVDC, Converter are having excellent 4 quadrant operations which allows
independent exchange of Active & reactive power. For VSC technology no such reactive
power compensation requirement exists.

EHV Transmission substation in the cities is connected with underground EHV cables. These
cables may generate the capacitive Mvar which results in the overvoltages in the connected
substations. Thus to limit these overvoltage’s to permissible level, localize reactive power
compensation in terms of Static Voltage Compensator (SVC) or STATCOM is required. The
VSC HVDC with its excellent 4 quadrant operation and control system can be used to absorb
the excessive Mvar in the network and maintain voltages within permissible limits and avoid
the requirement of FACT devices.

In coming future, transmission network inside the cities shall be more of EHV underground
cable. As explained under 2.3, these cables network would generate substantial quantity of
capacitive Mvar and which may create overvoltage situation during off peak hours. To avoid
these overvoltages, devices like SVC and STATCOM would be required. The inherent
feature of VSC can be used to control the overvoltages through a 4 quadrant operation.

3.5 Availability of DC Cable for Power Transmission

In VSC HVDC, the power flow reversal is effected with reversal of line current not voltage
polarity. This has allowed use of simpler cable design thus require lighter cable with higher
drum length and hence reduced cable joints and maintenance. With dc cable operation, no
additional Mvar is generated and need of reactive power compensation at intermediate
location hence additional space and cost requirements can be avoided. Less dielectric losses,
ageing, permitted higher field strength for insulating materials are added benefits compared
to ac cables.

3.6 Supports to power system with Advanced VSC Controls

In the interconnected ac systems, system problems like transient in-stability and power
oscillations can occur if the interconnected ac systems are weak. In such cases the VSC
HVDC links in parallel to the interconnected lines can be used to stabilize the ac system.
Further it can be also to used to control the power flow through the various ac
interconnections making them to operate at optimum loading. The 4 quadrant operation of
VSC HVDC system allows the independent Active and Reactive power flow. The active and
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reactive power can be controlled rapidly as per grid stability requirements. These controls
allow VSC HVDC system faster recovery after various system fault contingencies.

3.7 Compact size and quality power

On account of Reduction in harmonic/reactive power filters requirement reactive power
compensation requirement in addition to its modular setup. Further there is no requirement of
dc side filters which reduces footprint requirement by almost 30 to 40% compared to LCC.
Thus this application provides better solution to metro city where availability of land and
exorbitant price is a major factor.

3.8 Lesser environmental impact

Most of the equipments in the converter stations are enclosed in buildings which results lesser
noise pollution. Due to reduced filter requirement, the additional noise generated by filters
during operation can be avoided. This allows us to accommodate the VSC Station in lesser
footprint and hence impact on environment is further reduced.

No special ROW is required for cable, thus impact on environment is reduced. The cables
used in VSC HVDC does not contain oils or other toxic elements. The magnetic and electric
fields emitted by VSC dc cable are negligible. It does not harm living marine organisms. Due
to it’s design, the cable does not emit electrical Fields. The magnetic field from the cable is
negligible. The resultant magnetics field induced in two cables is very negligible, if laid
together and carrying current in opposite direction. All the above aspects indicates that, VSC
technology has very less effect on environment. The inherent noise level of the VSC system
would be lesser than the LCC system which suits city like application.

4 EXECUTION CHALLENGES
4.1 Construction at Converter Terminal Station

a) Height constraint and FSI limitation
There are many restrictions related to height of structure and beyond some limits
indoor construction is getting restricted by utilization of floor space index etc.

b) 66 statutory approvals (44 before work commencement and 22 during and after
construction)
Special norms for project inside cities as compared to the remotely constructed
project, much permission are required to be obtained from statutory authorities before
commencements of work, during and after completion of work.

c) Conveyance limitation for Heavy equipment transportation
Heavy traffic, congested roads bring more challenges and restrict the movements of
vehicles for heavy equipment. Also the movement of construction vehicle is limited
and permitted for shorter period.
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4.2

d) Project Sites surrounded by Residential habited area
Being surrounded by the habitant area working hours are restricted which may require
longer timelines for the completion of projects.

Construction of dc cable system

a) No dedicated corridor for utility
In city, no dedicated corridor is available for laying of utilities network. This adds
more challenges during execution and adhering to project timelines.

b) Presence of multi utility at lower depth
The EHV cables need to be laid at higher depth being more prone to excavation. As
mentioned in Fig 4, there is plethora of cables and other utilities (gas, water, sewage,
low tension cables etc) at lower depth. This adds further challenges for laying of
HDPE pipes and making space for jointing.

c) Permissions only during non rainy season (Oct-April)
Mumbai being Traffic prone city and congestion on roads, the local statutory
authorities do not allow excavation and laying of cables during rainy season.

d) Excavation permission in phase manner across the route
The permission allotted for excavation and other activities are also given in part of the
route. Thus it brings additional challenges for HDPE pipes laying, matching, and
pulling the cable inside HDPE pipes.

e) Permissions are generally granted only at night
The unloading of drum, movement of construction vehicle (RMC) for concreting,
movement of cranes causes heavy traffic congestion and thus allowed for work only
during night hours.

f) Period for cable laying
Granting of permission from local authorities for excavation and cable laying takes
longer times. This activity further reduces actual laying time and impacts project
completion timelines.
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Figure 9- Execution constraints in Mumbai

BIBLIOGRAPHY

[1]

Working Group B4.37 Cigre, 269 VSC Transmission April 2005

14



/s HVDC AND POWER ELECTRONICS
C|g|'e INTERNATIONAL COLLOQUIUM

& STUDY COMMITTEE B4 37 AGRA, INDIA 2015

Application of Superconducting Fault Current Limiter in
Multi-terminal HVDC Systems

Premila Manohar, Senjor Member, IEEEs and Wajid Ahmed, Stydent Member, IEEE

M S Ramaiah Institute of Technology, Bangalore
INDIA

SUMMARY

Over recent years, HVDC transmission is recognized as a viable means of transmitting power
over long distances. There are a number of point to point HVDC links in India and many
world-wide. The interconnections of DC systems forming Multi Terminal HVDC (MTDC)
systems, will definitively improve the system operation and reliability. However, these
networks suffer from the disadvantages that there is no zero crossing of the DC fault current,
which makes circuit interruptions difficult. One of the solution in this direction is the
application of superconducting fault current limiter (SCFCL). The SCFCL can be technically
and economically viable alternative, for the problems encountered in MTDC system
operation.

The upcoming multi terminal UHVDC system in India, is +/-800 kV, 8000 MW converter
capacity, including a 2000 MW redundancy, and transmits clean hydroelectric power from
North East Region to the city of Agra, a distance of 1728 km. For this UHVDC system, the
reliability and availability of the system is extremely important. The damaging effects during
and after any fault needs to be minimized and the faulty equipment needs to be quickly and
safely isolated from the healthy system. The possible solutions are simple isolators, high
speed switches and HVDC circuit breakers. These are either very slow or expensive. The
present proposition of the application of SCFCL, with its ultra-fast switching capacity, is one
such promising device for multi terminal applications. A detailed simulation study of
upcoming MTDC system, involving resistive type SCFCL, is carried out here. The results
obtained for different transient conditions are indicative of the usefulness of the SCFCL in the
upcoming MTDC system.
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1. OVERVIEW

High Voltage Direct Current (HVDC) technology has been in operation for more than 60
years now. It is gaining in importance within the existing power grids due to its advantages
compared to conventional AC transmission for bulk power transmission over large distances.
There is a vast expansion of HVDC technology due to the increasing demand for electrical
power and rapidly growing electrification. Hence a number of high capacity long distance
HVDC systems are in operation and/or planned. The interconnection of a number of AC
systems is known to form a flexible network. Naturally, this concept has been extended to the
interconnection of HVDC systems also. These HVDC interconnections are termed as multi
terminal HVDC (MTDC) systems. The potential applications of MTDC systems are in the

e Bulk energy transfer from cheap energy sources to remote load centers
e Efficient wheeling of power

e Interconnection of several AC systems with different frequencies

e Improvement in the stability highly loaded AC systems.

Whereas the interconnection of AC systems does not pose any serious problems, for the case
of MTDC systems, one has to overcome several specific difficulties. In the early stages, the
lack of simple and field proven HVDC circuit breakers was a major hurdle in the
development of MTDC systems. Also, these systems require a well-coordinated and complex
control system for their successful operation.

Various researchers have been working on different aspects of MTDC operation [1-5]. The
result of which is the first MTDC system in the form of a tap at Corsica on the existing
Sardinia Italy HVDC link, in 1991[6]. The two-terminal HVDC system between Quebec and
New Hampshire was built in 1986 which connected the asynchronous power grids of North-
East US and Quebec. In 1990 two more converter stations were added to the existing two-
terminal HVDC system. In 1992 another terminal was added to this MTDC system [7].

The next multi terminal HVDC system in India, to be commissioned in 2016, is +/-800 kV,
8000MW converter capacity, including a 2000 MW redundancy, and transmits clean
hydroelectric power from North East Region to the city of Agra, a distance of 1728 km|[8].
One Rectifier station in Biswanath Chariali (in North Eastern Region), second one in
Alipurduar (in Eastern Region) and Inverter station at Agra (in Northern Region). This is
shown in Fig.1.
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Fig. 1. NER-Agra MTDC system configuration [Courtesy www.sari-energy.org |



For this multi-terminal UHVDC system, the reliability and availability of the system is
extremely important. The damaging effects during and after any fault needs to be minimized
and the faulty equipment needs to be quickly and safely isolated from the healthy system.
Further, the MTDC system heavily depends upon the telecommunication of current orders
between various stations, control configurations and protection methodologies adopted. This
MTDC system may also have an impact on the satisfactory operation of the nearby multi
infeed system, involving Balia-Bhiwadi link and Rihand- Dadri line.

The CIGRE working group in [28] has outlined the technical feasibility of 800 kV HVDC
applications. This includes converters configurations, ratings, transformer ratings, ground
electrodes, reactive power compensation and requirement, control and protections, line
lengths and losses, etc., for it to be a successful technology in operation. The separation of
line or converters during a fault can be achieved through simple isolators or high speed
switches. However, these are very slow and may take few seconds. The isolation can also be
done by HVDC circuit breakers [9]. The major difficulty here is the investment cost. In
addition, these circuit breakers need to be designed for increased insulation levels because of
the presence of the counter voltages of the breaker. Considering that UHVDC system
insulation levels are already very high, any alternative that overcomes this problem needs to
be looked into seriously. The present proposition of the application of superconducting fault
current limiter (SCFCL), with its ultra-fast switching capacity, is one such promising device
for multi terminal applications.

With the upcoming multi terminal UHVDC system, the SCFCL is expected to work very
efficiently controlling the fault currents, without the dependence on expensive HVDC circuit
breakers. Here, it is aimed to carry out a detailed study of upcoming MTDC system, involving
SCFCL, in the PSCAD/EMTDC environment. This study is expected to give insight into the
usefulness of SCFCL in the upcoming MTDC system in India.

2. SUPERCONDUCTING FAULT CURRENT LIMITER

A Fault Current Limiter (FCL) basically offers high impedance to fault currents, thus bringing
the current to a low value, in a short time. The SCFCL will be in super conducting state, with
zero resistance, during normal operation and transfers to normal operation (offering high
impedance) during fault conditions. The SCFCLs have distinct advantages over conventional
FCLs, especially in high voltage networks. It provides an ultra-fast transition from
superconducting to normal state and is self-operating and repetitive in nature. Further, during
normal operation, the resistance being zero, the losses will be negligibly small.

Basically there are two types of SCFCLs, a resistive SCFCL and an inductive SCFCL. The
resistive SCFCL is simpler in design and consists of an active superconductor element
connected in series with the circuit to be protected. On the other hand, an inductive limiter
uses the principle of magnetic coupling between the superconductor element and the protected
circuit. The major advantage of resistive SCFCL is the simplicity of principle of operation
and construction and hence lower cost. However, the main drawback can be the heat
dissipation in the SCFCL, during fault. Various protective devices are suggested, in the
literature, to prevent the damage to the SCFCL. Factors which favour the inductive SCFCLs
are the absence of electrical connections between the superconducting elements and the
circuit to be protected, lower voltage drop across superconducting element during fault
condition and the possibility of making high temperature superconducting coils in the form of
rings and cylinders.



The resistive SCFCL is found to be more suitable for power system applications. This is
because the operation of the resistive type is simple to understand, can be easily connected in
series-parallel combinations, reduces the time constant of the aperiodic component of the fault
current and can also make the system less inductive. A number of studies concerning material
aspects, types of SCFCLs, prototypes and testing have been carried out in detail in [10-14]. A
number of high temperature superconducting (HTS) materials working at 77K have been
suggested for power system applications. Of these, Bi2212 is the most robust material and
artifacts with large surface area can be produced. This means that for the same critical current
the critical current density of the FCL can be made higher and hence a Bi2212 made FCLs
can have higher ratings.

Further, various researchers in this field, have come up with the concepts, studies and field
testing of SCFCL devices for transmission level voltages. The matrix SCFCL module which
is obtained by connecting series-parallel combinations of the basic SCFCL elements and the
detailed study along with field test results, are outlined in detail, in [15-17]. It can be observed
that the application of SCFCL in HVDC systems has received very limited attention. Some of
the conceptual details and test details are explained in [18] and [19]. The experimental and
test results demonstrated the current limiting capability of matrix SCFCL in dc system
including the different values of shunt resistor, to limit the heat and temperature across
superconducting FCL [20 and 27]. The basic dynamic modeling and simulation of resistive
SCFCL is explained in [21-22]. Based on this model, a detailed study of the application of
resistive SCFCL in a conventional two terminal HVDC system, is carried out by the present
authors [23-24]. This study was further extended to voltage source converter (VSC) based
HVDC systems where dc line fault plays a crucial part. The SCFCL was successfully
integrated and the performance of the VSC-HVDC system was evaluated [25-26]. These
results have augmented the effectiveness of resistive SCFCL in controlling the dc current
during line faults.

3. MATHEMATICAL MODEL OF SCFCL

When the current density in the high temperature SCFCL exceeds the critical value, an
electric field develops across the FCL. The electric field thus developed at any instant
depends upon the current density in the SCFCL and the temperature of the FCL. This
nonlinear E-J characteristic and its dependence on temperature forms the basis for the
modeling and simulation of SCFCL. The E - J characteristic, exhibited by all HTS materials,
consists of 3 parts, viz : flux flow state, superconducting state and normal resistive state, as
shown in Fig. .2.
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Fig. 2. E-J characteristic of HTS material



1) Superconducting state
In this state, the HTS material is in the superconducting state. The current density across
SCFCL is below the critical value and consequently the electric field across it is very small.

The electric field is given by
EQJ,T)= E{ J }

J.(T)

Here, J. (T) is the critical current density, T is temperature of the superconductor,
E. corresponding electric field, and J is current density of Bi2212 material. The quantity J. (T)
is temperature dependent and this dependence, obtained experimentally, is taken to be,

J (7T )T, -T)
(T, - 77)"* )

J.(T) =

with temperatures expressed in the units of K. Here, T, is the critical temperature of the
superconductor.

2) Flux flow state

The HTS material enters this state when the current density across it exceeds a value
represented by Jo. In this state, because of higher value of the current density, the electric field
across the FCL starts picking up and the FCL develops resistance. Because of this resistance,
the temperature increases. This increase in temperature causes a further increase in electric
field across the FCL. This is self-enhancing process and it continues until the temperature of
FCL exceeds a critical value known as critical temperature. At this point, the HTS material
enters the normal resistive state. During this phase the electric field is given by,

e &) (717) b Y
E(J’T):E{ECJ G (J 77 ]
0 (T) (77) 3)

3) Normal resistive state

In this state the normal conducting properties of the HTS material are exhibited. Here, the
electric field across FCL is linearly proportional to both current density and the temperature
of the FCL and is given by,

EQ.T)= p(T.)~1

T 4)

where, p is the normal resistivity. For bulk Bi2212 material, the parameters J. (77), p, a, B at
77K depend upon the material processing condition and falls in the following range:

10"< J. <10% A/m% 0.1 <E; < 10 mV/em, 100 <p <2000 uQ-cm, 5<a<15, 2<p<4
These parameters have to be chosen carefully because they bring about a marked difference in
the behavior of FCL. In all the three states mentioned above, the heat diffusion equation of the
HTS material is given by,

CdL:E(\],T)J ................. &)
dt

where, ¢ = specific heat of Bi2212 which is again temperature dependent.



Modeling the behavior of FCL involves the following steps. Knowing the cross sectional area
and current flowing through the superconductor, calculate the current density in the SCFCL at
each instant and compare the electric field E(J,T) with Eo. When E(J,T) < Ey, SCFCL is in the
superconducting state and when E(J,T) > Ey, , SCFCL enters the flux flow state. SCFCL
continues to be in flux flow state till Rrci < Ry, where R = p(90)Ln/S and Ln and S are length

and area of cross section of the superconducting material. When Rec. > R, , the FCL is in
normal state and offers maximum resistance to the flow of current. The electric field, voltage
drop, temperature and resistance of the SCFCL are calculated at every instant. The SCFCL
model described here, is simulated in MATLAB and verified and validated by considering a
typical test setup. The details of this are available in a previous paper [25] by the present
authors and a part of it is reproduced above for the sake of clarity.

4. APPLICATION OF SCFCL IN MULTI TERMINAL HVDC SYSTEM

The £800kV UHVDC Multi Terminal System (referred as NER-Agra) is being constructed,
with 6,000MW as its rated capacity and with an overload capacity of 33% over shorter period
of time. It has two rectifier stations, one located in the North Eastern region in the state of
Assam (Biswanath Chariali), and second one 432 km apart from this in Eastern region in the
state of West Bengal (Alipurduar). The inverter station with two terminals in parallel is
located in the Agra region, distance is 1296 km from the nearest rectifier station. Each 800 kV
converter is configured as single 12-pulse converter. Figure 3 shows the schematic diagram of
the NER-Agra MTDC system.

The simulation and dynamic analysis of this MTDC system is done in the PSCAD/EMTDC
environment. The SCFCL model is developed in MATLAB and interfaced with the MTDC
system and the various transient conditions are studied to understand the effectiveness of the
SCFCL on the performance of the MTDC system. In the present work, the required rating of
matrix SCFCL module is 800 kV, 3.75 kA to be used in MTDC system. This is obtained by
connecting a number of lower rated SCFCLs in series-parallel to make up the required voltage
and current ratings. Each SCFCL component is rated for 10.5 kV and 2.8 kA. In order to
obtain 800 kV, 3.75 kA, seventy six (76) such components are connected in series. This
SCFCL module is tested and validated according to the data and results available in [21].
Other system details are described in appendix I.

+ 800 kY, 432 km  Rbus(ipole) + 80D KV, 1296 km Ibus+pole) + 800 kV

H screl |
—>375kA 1500 MW 1o75ka |
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r Pole 4
Rectifier 2

Rectifier 1
I T Inverter 1 \L 1875 kA zc b M_;nm 1875 KA \J, Inverter 2
< 1.875 kA <— 375kA 3000 MW 1500 MW for Fole2  forPole 4 1500 MW
Sending End 2 - 800 kV, 432 km Rbulﬁ(rpule) - 800 kv, 1296 km Ibus(-pole) - 800 kV,
Biswanth Chariali MY Sending End 1 Receiving End
Alipurduar Agra

Fig. 3. Schematic diagram of NER-Agra + 800 kV, Multi-terminal HVDC System.



The control strategy adopted here is the current margin method. This is basically an extension
of the control philosophy in two terminal HVDC system. One of the converter station controls
the voltage while the remaining stations operate current controlling terminals. Current
commands (I;, I, ) having an algebraic summation equal to current margin Al, as given in
Eqn.(6), are sent from control station to the respective converter stations.

Z?:l I] ref = Imargin ............... (6)

Rectifier currents are considered to be positive while inverter currents as negative. The station

having lowest ceiling voltage (V4o CosQ or CosYp) controls the line voltage. This station is
normally, one of the inverters operating at constant extinction angle. The other three
converters operate in constant current mode. The control characteristics of the system are
shown in Fig.4. The current at the voltage controlling station is algebraic difference of current
demand and the current margin. If the ceiling dc voltage at one of the stations, operating on
constant current drops, then that station would become the voltage controlling station and its
current would decrease by the current margin.

Rectifier 1 Rectifier 2 Inverter 3 Inverter 4

Va Vaz Vaa Va

— h— —Lk— Va g

0 In 0 I Jas 0 -lag

Fig. 4. Current Margin Method of control for MTDC system

Satisfactory operation of MTDC system also requires a reliable central Current Reference
Balancer (CRB) that operates at all time. This requires reliable two way communication
between a central station and each converter station. Under steady state condition, Rectifiers
R1, R2 and inverter 12 operate in constant current control, inverter 11 operates in voltage
control (CEA) mode. VDCOL is included in all the converter stations. A current margin of
10% is included for inverter]l which is acting as voltage controller (CEA).

5. NUMERICAL RESULTS AND DISCUSSION

In order to investigate the performance of MTDC system with SCFCL, various steady state
and transient conditions are simulated. After establishing satisfactory steady state behavior
different transients such as single line to ground fault on inverter ac bus, three phase to
ground fault on inverter ac bus, dc line to ground fault at positive pole of inverter dc bus and
dc line to line fault between the midpoints of 1296 km dc lines. Are simulated with and
without SCFCL in the system. For the present study the SCFCL is placed on the rectifier side,
in series with dc line as shown in Fig. 3.



Steady State Operation

Figure 5 shows the steady state dc voltage and dc current at rectifier 1 and inverter 1 response
and the total power transmitted in the modelled MTDC system. System reaches its rated
values i.e. £800kV and 1.875kA after 0.75 sec from start-up. Total power of 6000MW is
received at the inverter stations. In all the cases simulated here, the time step chosen for the
simulations is At = 50us, which is sufficient to notice the behavior of SCFCL, which provides
ultra-fast transition from superconducting state to normal state.

DCLine 1,0C Line 2 : Graphs DCLine 1,0CLine 2 : Graphs
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Fig. 5. Steady state performance of MTDC system

Single line to ground fault on inverter ac bus

A single phase to ground fault is created at the inverter AC bus at t=1.2 sec with fault duration
of 0.06sec. As both the inverters are connected to a single AC bus, the effect of fault is same
on both the inverters (I1 and 12). The various voltages and currents are indicated in Fig.5.
Without the SCFCL, the dc voltages at all converter terminals drop to a lower value and the
line current increases from 3.75kA to a peak of 7.8kA at the rectifier and nearly 9.8kA at the
inverter end. . As soon as the fault is detected, alpha control will be activated to operate the
rectifier at higher alpha to reverse the pole voltage, hence dc current. Commutation failure
prevention function advances the firing angle alpha to its minimum limit of 110° in order to
increase the extinction angle to prevent consecutive commutation failure during the recovery.
Alpha order at rectifier increased to maximum value of around 140° to decrease the increase
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of dc current. Technically, both converters operate as inverters to discharge the line as fast as
possible to extinguish the dc current. The VDCOL increases the current to nominal value after
the removal of fault. After the fault, the recovery is smooth without any hitches.

What is crucial here is the peak value of dc current at all the terminals which needs to be
clipped before it causes damages to other equipment. With the inclusion of SCFCL in the
circuit, the voltage and currents are modified drastically. The peak value of the dc current is
clipped from 7.8kA to 5.2kA at the rectifier and from 9.8kA to 8.0kA at the inverter, in less
than half cycle. This quick action of SCFCL is helpful in reducing the damage to equipment
and also in preventing the commutation failure at inverter. A comparison of the values with
and without SCFCL, helps in understanding the effect of SCFCL and hence the improvement
of the overall system performance.

During the fault, the SCFCL enters the normal state and HTS material develops heat across it
and this must cool down, in order to regain superconductivity. The time taken by SCFCL
device to return it to superconducting state is known as recovery period and it varies from few
milliseconds to seconds [H]. In the present study recovery period is taken to be 250 msec. It is
also seen here that the recovery, with SCFCL, is better than that without.

(a). DC Voltage at Positive Pole of Rectifier dc Bus
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(b). DC Current at Positive Pole of Rectifier dc Bus
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Fig. 6. Single line to ground fault at inverter ac bus ( from 1.2 sec to 1.26 sec )



There phase to ground fault at inverter ac bus

A comparison of dc voltages and dc currents, for a three phase to ground fault at the inverter
ac bus with and without SCFCL is as depicted in Fig. 7. The voltages and currents are much
disturbed and also the peak here is much higher than that for single phase fault, reaching a
peak of 10.4 kA at inverter pole. SCFCL clips this peak to 5.5 kA in less than half cycle.

An important thing to be noted here is the current in the other pole. With SCFCL in pole 1,
the pole 1 currents are controlled while current in the other pole remains same. This
necessitates another SCFCL to be included in the other pole also.
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(b). DC Current at Positive Pole of Rectifier dc Bus
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Three phase to ground fault at inverter ac bus (from 1.2 sec to 1.26 sec)
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DC line to ground fault at positive pole of inverter dc bus

The dc line to ground fault is initiated at 1.2 sec for a duration of 0.06 seconds. Immediately
after fault, the current rises to about 8.0 kA at rectifier and 11.0 kA at inverter. The rise is
very sharp. Also, it falls down to a low value very quickly, without the SCFCL. Including the
SCFCL brings the peak value down from 8.0 kA to 4.0 kA at rectifier and 11.0 kA to 7.8 kA
at inverter terminal. The recovery is much faster with SCFCL at both rectifier and inverter.
The healthy pole currents voltages are hardly affected by the fault, in both with and without

SCFCL case.
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Fig.8 DC line to ground fault at positive pole of inverter dc bus (from 1.2 sec to 1.26sec)
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DC line to line fault between the points of 1296 km dc lines.

The results of this fault is depicted in Fig. 9. A plot of voltage and currents at different points
in the MTDC system indicate that this case is much more severe that the dc line fault
described earlier. On the other hand the recovery seems to be smoother in both the cases, with
and without SCFCL.

(a). DC Voltage at Positive Pole of Rectifier dc Bus

(b). DC Current at Positive Pole of Rectifier dc Bus

----- Without SCFCL|
— With SCFCL —

DC Veitage (V)

1
Time (sec)

(c). DC Voltage at Positive Pole of Inverter dc Bus (d). DC Current at Positive Pole of Inverter dc Bus
T T T T T T T T

DCVotege (V)

5 T
Time (sec)

(e). DC Voltage at Negative Pole of Rectifier dc Bus
800 — — - — — =+ — — —|— — — 4+ — — —|— — — +

Without SCFOL] |
ool — — L+ _ _ _I__ _ 1 _|=—with SCFCL —
|

DC\Vetage (V)

T T T T T T T T
| | | | T Without SCFCL|
——with SCFCL

Fig. 9. DC line fault between the mid points of 1296 km lines ( from 12 sec to 1.26 sec )

6. CONCLUSION

This paper has described the simulation results of the upcoming MTDC system in India. In
the 4 terminal, parallel connected system, the fault currents increase to a very high level,
without any protective devices, indicating a need for protective device to reduce the
maximum currents. The performance of MTDC system with SCFCL at the rectifier, shows
that the currents at the faulted poles are clipped to a smaller value within half a cycle, to a
lower value. A more detailed study of MTDC system with SCFCL, taking care of the actual
data, the controls adopted and protection systems considered is essential to come with
conclusive remarks on the application of SCFCL in MTDC systems.
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Appendix 1

Table 1 Control parameters of MTDC system.

Parameters | Rectifier 1 Rectifier 2 Inverter 1 Inverter 2
o 20.23° 20.37° 142.32° 142.24°
Y - - 15.19° 15.47°
Appendix |1
SCFCL parameters

Un=10.5kV,In=2kA, both RMS values

T=77K, Tc0=90K, Jc77 = 1.5E7 A/m’

EO0=1V/m, Ec=1.0E-4 V/m, Length=20m a=4, f=2.5,
S=0.34E-4 m* , p7E -6 Q-m, Lfcl=0.4e-6 H, Rsh = 6 ohm.
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Appendix 111

System Ratings

6000MW, +/-800kV, 3.75kA (Bipolar MTDC System)

AC system details

Parameters Rectifier side 1 | Rectifier side 2 | Inverter side 1 | Inverter side 2
Vs (kV) 425 425 375 375

f (Hz) 50 50 50 50

SCR 428K 428K 4275 4275
Zs (Q) 13.33 13.33 6.66

Vbus (kV) 400 400

Reactive Power 1800 1800 1800 1800

compensation (MVAR)

Converter Details

Rectifier side 1

Rectifier side 2

Inverter side 1

Inverter side 2

+Pole | - Pole | + Pole | - Pole | + Pole | - Pole | +Pole | - Pole
Transformer rating 900 900 900 900 900 900 900 900
(MVA)
Xt (p.u) 0.18 0.18 0.18 0.18 0.18 | 0.18 | 0.18 0.18
Primary voltage (kV) 400 400 400 400 400 400 400 400
Secondary voltage (kV) 340 340 340 340 340 340 340 340
DC line parameters
Dcline 1 Dc line 2 Dc line 3 Dc line 4
Line length (km) 1296 1296 432 432
Line resistance (Q) 11.66 11.96 3.86 3.86
Ld (H) 1.2 1.2 1.2 1.2
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SUMMARY

Segmentation allows regions linked only by HVDC to operate asynchronously (or synchronously
through use of HYDC controls) under normal conditions and have frequencies diverge when one
region experiences equipment failures. Through HVDC controls, adjacent supporting regions provide
automatic assistance to a failing region without overstressing the supporting regions. Low frequency in
the failing region results in under frequency load shedding only in that region where it is most
effective. This process may avoid collapse of the failing region but should a failing region collapse,
others remain healthy.

Segmentation of existing grids can provide great increases in transfer capability while substantially
improving bulk grid reliability. This concept is more than simple insertion of back-to-back converters
along boundaries that create asynchronous islands. It includes conversion of many existing AC
transmission lines to HVDC and the use of simple unique local HVDC controls that enhance all of the
traditional services of an AC grid while increasing transfer capability and reliability.

Studies have been completed on the efficacy of segmentation on large portions of both the Eastern and
Western US Interconnections. These studies simulate known events that pose a high risk of cascading
and blackout and show that they are made harmless. Dramatic transfer capability improvements are
also demonstrated with some transfer limits tripled.

What has been learned from these North American studies is that where large system wide blackouts
have occurred causing billions of dollars of loss to the economy, is that if segmentation had been in
place such blackouts would have been prevented. Consideration of this important conclusion is that
applying segmentation to Europe, China, India and Africa will prevent wide area blackouts compared
with having such areas completely synchronized with AC transmission interconnections.

KEYWORDS
Segmentation — Blackout - System collapse - DC link - VVoltage sourced converters - Cascading outage
- AC interconnections - DC interconnections - HVDC converters



1. INTRODUCTION

Present AC electric grid systems can operate with increased transmission capacity and improved
robustness by segmenting regions with HVDC transmission and back-to-back voltage sourced
converters. Segmentation technology improves grid utilization and reliability by eliminating stability
constraints, avoiding cascading outages, and by precise inter-regional and inter-sector control of power
flows. An illustration of a segmented grid with interconnecting DC transmission systens is represented
in Figure 1.

Figure 1. How a segmented AC grid is constructed through back-to-back DC converters
(green), AC to DC line conversions or new DC Lines (light blue) , and long
distance HVDC lines or DC grid (yellow)

The major breakup of the US and central Canada power system during Northeast Blackout in 2003
was a surprise. A power system that had seemed invulnerable collapsed leaving millions of people
and businesses in the dark and with high societal costs. Many of the World’s major blackouts would
have been avoided or limited had segmentation through HVDC technology been in place.

To ascertain the benefits and cost effectiveness of segmentation, a joint study was undertaken by DC
Interconnect (DCI) and the Electric Power Research Institute (EPRI). The study included examining
the effectiveness of segmentation had it been in place in the US and Canada in 2003 when the
Northeast Blackout occurred. Reliability improvements were assessed by examining the dynamic
performance of the US and Canada grid before and after segmentation.

2. SEGMENTED SYSTEM OPERATION

There will be several types of controls required for DC links. Included will be Energy Management
Systems (EMS) based controls for dispatch, dispatcher controls for manual operation, and local
controls. Local controls will be critical to good dynamic response to disturbances and are the focus of
this investigation.

The loss of generation problem is more onerous and is the basis of the following discussion.

The DC link controller must also operate in concert with automatic generation control (AGC) systems
found in individual utility or Independent System Operator (ISO) operated EMS. Because AGC



systems do not respond in the time frame being examined in this investigation, they are not modelled
in the simulations presented herein. However, integration of DC links with AGC systems will be
straight forward. In most cases an AGC system will adjust in-sector generation to restore frequency
and DC link power to initial settings just as is done today to restore frequency and tie-line flows.
However, having control over DC link power opens the door to the possibility of not restoring tie
flows, but taking them to some new level that provides relief for the contingency that occurred. For
instance, a line outage near a converter might result in a thermal constraint that could be addressed by
reducing the power setting on the nearby converter. The potential for DC links to assist with
contingencies and emergency conditions near converters or elsewhere in a sector is very large.

3. ASTUDY WITHOUT AND WITH SEGMENTATION

The joint study intent was to introduce the segmentation concept and demonstrate the feasibility of
using it to prevent cascading disturbances and network breakdown. VVoltage sourced converters (VSC)
were applied in the study to maximize benefits they can bring to segmentation. This was
accomplished by modelling sets of four example segments in the Northeast Blackout area of the
Eastern Interconnect. These segments are depicted in Figure 2 where Figure 2(a) has the Eastern
Interconnect with its existing AC tie lines between the segments and Figure 2(b) has the tie lines
between the same segments converted to DC links.

The local DC link controls in the DC link case are straight-forward. The controls increase power flow
in the direction from the segment with higher frequency to the one with lower frequency with a gain or
droop that is shown by analysis to be responsive and steady state stable. The maximum change in
power at each DC link is determined by analysis of the thermal and voltage support capability of the
segments on both sides of each DC link.

(a) (b)

Figure 2: The Eastern Interconnect divided into four segments with (a) the segments are connected
through the existing AC ties and (b) the same segments interconnected by DC links.

The three A, B and C segments in Figure 2 are connected to the much larger outside world segment of
D. The initiating event consists of a large-scale loss of generation, 2700 MW, in segment A. This
generation loss is 1100 MW beyond planning and operating criteria. The red arrows in Figure 2 denote
the power flow from segment D when the generators in segment A trip out of service. This disturbance
was applied to a 2011 model of the Eastern Interconnect with only AC and again with DC links added.
The results showed the system is initially stable but tie flows are excessive by 1100 MW. Line flows
exceed line ratings by twenty to forty percent of line rating and AC line trips occur as shown.
Significant voltage excursions also occur with those line trips

Although the system with AC ties is initially stable, it is in an untenable state. The high reactive
losses have caused voltage regulators to push generator excitation well above rated value. Voltage



collapse is thus temporarily avoided. However, about twenty seconds after the disturbance, excitation
limiters will begin pulling excitation down to rated levels and voltages will fall. When voltages drop
sufficiently, motors will stall and initiate a grid breakup. Alternatively, if the low voltage spreads
widely enough, breakup will result directly from steady state or oscillatory angular instability.

The first line trip was at seven seconds. Additional frequency excursions occur, loading on remaining
circuits increases, and voltages fall further. While a more realistic load model (including induction
motors) would likely have resulted in immediate instability, the model again shows the system
continuing without instability. However, a second line trip at fourteen seconds results in immediate
angular instability and grid breakup.

With the AC ties are replaced by DC links, the power flow between segments B and C is increased
toward segment A by local HVDC controls as the frequency of segment A drops. The increases are
limited to levels that are safe for the AC line thermal ratings and available voltage support in segments
B and C. The increased power flow toward segment A results in some drop in frequency in segments
B and C. This drop in frequency in turn pulls some power from segment D into segments B and C,
again, limited by the DC link controls to a level that is safe for all three segments. In this manner,
segment A receives the maximum support that segments B, C and D can safely provide. If this
support, combined with spinning reserve in segment A is not sufficient to arrest the frequency decay in
segment A, load shedding will occur in segment A. All load shedding thus occurs in the segment that
experiences the generation shortage and is more effective than in an all-AC segment where under
frequency load shedding occurs over a wide area (if the system is stable).

While the initial DC link loadings were below DC link ratings and safe AC system loadings in our
example, the DC link controls allow normal condition DC link loadings to reach DC link ratings or
levels that are at the safe limits in the AC systems. In cases where some or all DC links are maximally
loaded before a generation loss disturbance occurs, those DC links will not respond to a drop in
frequency and load shedding alone, in the system experiencing the frequency drop, the load and
generation will balance.

This study of the Eastern Interconnect in Canada and the U.S.A. indicates that segmentation will
improve grid reliability.

4, ECONOMIC JUSTIFICATION OF SEGMENTATION

Segmenting a grid involves significant investments similar to some of the competing technologies. To
address an apparently common perception that segmentation is prohibitively expensive DCI has
estimated the investment requirements for segmenting the Eastern Interconnect in North America
based on preliminary design scenarios and estimated to be up to $25 billion. Based on this one
Northeast Blackout in 2003, the range of societal costs is estimated to be between $6.8 billion to $
10.3 billion [1]. The power grid in Western North America (the Western Interconnect) which is
asynchronous to the Eastern Interconnect requires up to $5.4 billion to effectively segment. When the
significant grid power outages listed in Table 1 are reviewed, there are six in the Eastern Interconnect
and three in the Western Interconnect over a period of 47 years. There is apparent increase in the
frequency of occurrence, perhaps due to increasing weather events and loading conditions.

Every power outage or blackout causes large economic loss to those affected. For losses in the
distribution systems because of bad weather, distributed generation or microgrids are anticipated to
improve reliability. For cascaded outages of the main transmission system, segmentation will improve
reliability.

By accounting for the benefits of preventing cascading (based on historical blackout events in the
Eastern Interconnect and the Western Interconnect), increased available transmission capacity (ATC),
market benefits, and changes to system losses, our studies have found that contrary to industry
perceptions, segmenting North America’s grids can indeed be cost effective. Moreover, the increases
in retail rates needed to pay for the required investments are quite modest (less than 2 percent).



Further work is required to optimize segment boundary locations and refine the associated costs and

benefits.

Table 1: An incomplete list of major grid blackouts [2]

Date Location Duration | No. Impacted Cause
Oct 2012 Eastern US & 2 weeks 8.2 million Hurricane Sandy, floods, downed lines
Canada
July 2012 | Northern India | 2 days Hundreds of Overloads and repeated collapses
millions
June 2012 | Midwest & 7t010 4.2 million Wind storm
eastern US days
Oct 2011 Northeast US Upto 10 | 3 million Early snow
days
Sept 2011 | California & 12 hour 2.7 million Hot weather loading, plant out for
Arizona maintenance, technician error
Aug 2003 London, UK % hour 250,000 Two cables failed
Aug 2003 | Northeast US & | Upto4 50 million Overloads, inadequate tree trimming,
Ontario days operators lacked coordination
June 1998 | Canada & north | Upto 19 | 52,000 Line tripped in Minnesota from
central US hours lightning, Midwest separated
July 1996 | US west coast Several 2 million Overloaded line in Idaho followed by
hours cascading line and generation trips
Aug 1996 | US west coast, 6 hours 7.5 million Inadequate tree trimming followed by
Canada cascading outages
Dec 1982 US west coast Several 5 million High winds knocked over 500 kV
hours tower and cascading followed
July 1977 | New York City | 26 hours | 9 million Tower failures from lightning,
cascading outages
Nov 1965 | Northeast US 13 hours | 30 million Transmission cascading due to
and Ontario incorrect protection setting

However, wide spread developing electric power systems such as in China, Africa and India have an
advantage in costs. The national or continental transmission planning strategies can incorporate
segmentation as their system grows giving an overall cost advantage over segmenting a large
established power system such as the Eastern Interconnect. For example, a well-planned segmented
transmission system in Northern India most probably would have minimized the wide spread
blackouts from overloads that occurred in July 2012.The segmenting DC links would themselves not
overload as their controls always limit the maximum power the collapsing AC system demands, thus
acting as a buffer to the neighbouring segments. This was evident in the August 2003 North East
Blackout which affected the U.S.A and Ontario when neighbouring Quebec remained relatively
unaffected because of its DC tie lines to the Eastern Interconnect.It does not require too many large
system blackouts to justify any added cost of segmentation but there are additional market benefits to
include. For example, simply reducing congestion through increased transfer capability will improve
market operation. However, additional market benefits will obtain from a reduction in inadvertent
flows and loop flows that make conformance with schedules difficult and complicate grid operation
through very complex scheduling and settlement protocols and procedures.

When a segment does collapse to a power outage, modern VSC links to that segment can provide
black start capability to reduce its total outage time.




5. CONTROLS FOR SEGMENTING DC LINKS
Three control regimes are necessary in a segmented grid. They include:
«  Power controllers on each DC link;
«  Central control to provide routine updates to the power controller settings (gains and power
limits); and
«  Central control to adjust the distribution of interchange power among the DC links following
an emergency to prepare for possible additional contingencies.

Only the power controllers on each DC link need to respond during emergencies

The second control regime provides routine ongoing updates to the HVDC controller settings to
accommodate changes in sector operating conditions and scheduled power transfers and assure the ties
are ready to provide support across sector boundaries without jeopardizing reliability in any
supporting sector.

The third control regime is the usual “adjustment” that occurs following a contingency. Adjustments
typically involve phase angle transformer adjustment, changes in generation dispatch, start-up of
combustion turbines and similar operator activities. Generally these adjustments are expected to occur
within 30 minutes following a contingency. In a segmented system, DC link power controller settings
provide an additional and powerful adjustment. Adjustments may be needed to remove circuit
overloads that are allowed to result from DC link response to contingencies as well as to correct
overloads that result from intra-sector contingencies. The DC links have a significant advantage over
other adjustments in that changes can be made relatively quickly thus reducing the risk associated with
exposure to an additional contingency.

A frequency-based DC link controller is designed to operate in concert with generator governors. This
is done by designing it to respond to frequency excursions with a time lag that approximates that
found in typical generator governor and turbine controls. Also, just as generator governor droop
settings determine how generators will share a needed change in power output, a droop setting in the
DC link controllers determines how the DC links share a needed power change with the generators as
well as among the DC links. For example, loss of generation in a segment will cause frequency to
drop in that segment. Generators within that segment will respond, as will the DC links. In most
situations the goal will be to let in-segment generators cover as much of the shortage as is practicable,
with the DC links contributing as necessary to avoid or limit under frequency load shedding.
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Figure 3: Basic elements of a DC link frequency controller




In Figure 3, frequency on each side of the DC link is measured and the difference is passed through a

lag function acting as a low pass filter to delay response to share the burden of frequency control with
affected generators in that system and other parallel converters. The dead band prevents the converters
from responding to small routine minute to minute variations in frequency.

Segmentation requires no significant new hardware or control technology. The only missing piece is
the controller and this is a very minor piece that can be readily programmed into existing HVDC
digital control hardware. Remote adjustment of HVDC controls is also a mature technology and can
easily accommodate the needed adjustments.

There may be a reason to require a national DC grid to be synchronized. This does not prevent
segmentation. DC interconnections forming the segmentation can operate as synchronous links with
the advantage that if a segment requires support, the DC link just runs up and continuously provides its
maximum power in continuous support. When the frequency of the distressed segment returns to rated
frequency, the DC links will again lock into synchronism [4]. A simplified control diagram of how
synchronization with a DC link is presented in Figure 4.

Bmeas = Ac phase angle across dc link
Oset = Phase angle setting

Oset Po = Power order to dc controls
Po
Bmegs Phase o DC Power|To DC
Advance [ ) —Control E-o’ntrols

Figure 4: Basic representation of controlling a DC link to provide synchronization between two AC
power systems

The System Operator can set the steady state power flow through the 0set input signal. The difference
signal between Oset and the measured phase angle Omeas signal is phase advanced for control stability
to offset the latency in the measuring of Omeas and provide system damping.

6. ADDITIONAL BENEFITS FOR SEGMENTATON

The two key benefits of segmentation are a virtually complete freedom from large-scale blackouts and
large increases in transfer capability between ac sectors. The increase in transfer capability is generally
available with little or no new transmission construction beyond conversion to HVDC.

6.1 Reliability

Segmentation improves grid reliability by preventing disturbances within a sector from cascading to
adjacent sectors. In each sector of a segmented system, DC link capacity is designed and operated so
that failures in adjacent sectors cannot propagate from sector to sector.

The ability to use the DC links to regulate power flow and make prompt corrective changes in power
flow across a sector enhances reliability within each sector.

With intra-sector reliability improved there will be fewer cascading events. And, when cascading
events do occur, they will be limited to a single sector. This compounding provides substantial
reliability improvement.



6.1 Total Transfer Capability Benefit

The increase in total transfer capability provided by segmentation obtains from several mechanisms
including:

» Removing angular stability constraints;

+ Conversion of AC circuits to HVDC;

» Maximizing use of local spinning reserve;

* Routing power to maximize AC grid use;

+ Reducing or eliminating loop and inadvertent flow; and

* Local controls (remedial actions schemes).

6.2 Stability

Regional stability constraints are generally well known and include both first-swing or “transient”
stability limits and oscillatory or “dynamic” stability limits. In some locations removing remaining
stability constraints will contribute to new transfer capability. Also, any increase in transfer capability
associated with conversion of ac transmission lines to HVDC will be free of stability constraints.

6.3 Conversion of AC Transmission to DC Transmission
Conversion of ac circuits to DC can significantly increase the transfer capability of existing
transmission lines. Depending on the DC technology, increases of 200 percent or more are possible.

6.4 Spinning Reserve

The improved utilization of intra sector spinning reserve can provide very large transfer capability
increases. In every AC electric power grid, a disturbance that removes generation from the system
results in inertial and then governor response at generators throughout the synchronous AC power
grid.

In a segmented grid, controls on DC links allow frequency to drop in the sector that experiences a
generation loss so that spinning reserve in that area will pick up a majority and if desired all of the
generation loss. The DC links can provide backup to the local spinning reserve where DC link
capacity is reserved for that purpose or is otherwise available. Where the generation loss is large and
the DC links do not have idle capacity that can be activated to help, under frequency load shedding in
the affected sector will balance load and generation. While load shedding is never desirable, it is
preferable to the cascading that can occur when excessive power flows across ac ties and causes
voltage or angular instability. A side benefit of the occasional minor frequency excursions is
identification of generators that are not responding to frequency as they should.

6.5 Loop and Inadvertent Flow

DC links also solve the problem of regional loop and intermittent flows. Some loop and inadvertent
power flows will still occur within sectors, but the opportunities for either are greatly reduced. To the
extent DC links are placed in paths that are experiencing loop or inadvertent power flows, those flows
will no longer be troublesome.

6.6 Selecting Segment Boundaries
Cost is a major issue with segmentation. It is expected that often the least costly boundary will provide
substantial benefits and have a high benefit to cost ratio.

Market operation benefits are likely to be greatest when an HVDC boundary falls on a political
boundary. However, reducing congestion and gaining a means to control and measure power flows
and provide AC voltage support will be advantageous from a market standpoint wherever the HVDC
boundary falls.



7. CONCLUSIONS

This paper demonstrates the benefits of segmentation using HVDC in large AC grids that are
predominantly used all over the world. AC grid segmentation using HVDC not only reduces the
cascaded system wide blackouts but also increase the overall power transfer capability of the entire
grid. The results from the case studies of Eastern Interconnection and Western Interconnection of the
North American Power Grid were presented in this paper, which clearly demonstrate the feasibility
and benefits of the segmentation concepts. Though there are additional costs associated with the
segmentation, but the benefits seem to outweigh the costs.

Based on the results of this study, those responsible for development policy for their respective wide
area power systems being established around the world should seriously heed these conclusions. The
extensive blackouts happening to very large synchronous grids all too frequently are unacceptable and
pose serious financial and national security risks. Segmentation is proven to be a robust solution to
minimize this risk.
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SUMMARY

Wind power is currently the fastest growing and the most competitive renewable energy in the
world. Due to the intermittent and stochastic nature of wind power and the increasing
integration of wind farm, the impact of wind farm on power system is more and more serious.
To tackle this problem, one widely-used technique is VSC-HVDC (Voltage Source
Converter-High Voltage Direct Current). The reliability evaluation of offshore wind farm
VSC-HVDC system is very important. This paper focuses on the development of reliability
evaluation on VSC-HVDC. Using Sequential Monte Carlo Simulation method, the states of
all the components are simulated. Numerical studies are applied on a multi-terminal VSC-
HVDC system. The results from the numerical studies demonstrate the effectiveness and
feasibility of the proposed method.
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1 INTRODUCTION

Wind power is currently the fastest growing and the most competitive renewable energy in the
world. Compared with onshore wind energy resource, offshore wind energy resource is with
the benefit of more abundancy, lower turbulence intensity, larger speed, and more stablity of
the wind direction.

Due to the intermittent and stochastic nature of wind power and the increasing integration
of wind farm, the impact of wind farm on power system is getting serious. To utilize this wind
power and transmit it to the onshore land, the Voltage Source Converter-High Voltage Direct
Current (VSC-HVDC) is considered to be a good technique. This technique is not only
suitable for small capacity (several MW) power transmission, but also suitable for the large
capacity power transmission (hundreds MW). Meanwhile, it is also suitable for the
asynchronous interconnection between power grids.

For transmitting the offshore wind power, compared to the AC grid connection and the
traditional HVDC system, VSC-HVDC has the following advantages:

1)No problem with reactive power compensation;

2)Independently control the active and inactive power;

3)High switching speed and low harmonic level.

At present, many countries all round the world are in the research and development of
offshore wind grid-connected system based on VSC-HVDC system: from the early Danish
Tjaereborg demonstration project to the recently German Borkum West wind power project,
offshore wind farms based on VSC-HVDC technology has entered the stage of large-scale
application. In August 2008, the State Grid Corp of China carried out a demonstration VSC-
HVDC project called Shanghai Nanhui VSC-HVDC demonstration project. And in March
2011, it was successfully put into operation. Literature [1] has introduced the basic situation
of the project, including the operation mode and power transmission range, which provides
technical support and operation experience for wind farm integration in China.

In view of the rapid development of VSC-HVDC technology and demonstration projects,
the reliability evaluation of VSC-HVDC system is very important. At present, the research of
VSC-HVDC system reliability model is based mainly on the existing established methods of
traditional HVDC reliability model, which includes: state enumeration method, Markov
method. According to the main functional structure of VSC-HVDC system, it can be divided
into several subsystems (such as valve subsystem, transmission line subsystem). By
establishing the two state models (normal or failure state) for each subsystem, and making the
state combination, the whole VSC-HVDC system reliability model can be obtained. Literature
[2] studied the reliability evaluation model of HVDC transmission system with a tapped VSC-
station, and analyses the influence of VSC-station on the reliability of traditional HVDC
power. Through the method of model combination, literature [3] established the equivalent
model of VSC-HVDC system.

The above mentioned literature has done important contribution to the development of
VSC-HVDC system reliability, but further consideration are needed to incorporate the
following factors in the reliability evaluation of VSC-HVDC, such as the consideration of
multi-terminal systems, the output intermittency of wind power, etc.

Therefore, this paper mainly focuses on the development of reliability evaluation of VSC-
HVDC system considering not only multi-terminal configuration of VSC-HVDC system, but
the output intermittency of wind power. In the evaluation process, a variety of component
failure impacts are included, such as the transformer, valve, DC transmission line, and so on.

2 SEQUENTIAL MONTE CARLO SIMULATION METHOD



Although the state enumeration method can evaluate the reliability of VSC-HVDC system,
the model is not applicable if the influence of wind power intermittency is included. Since if
the wind power output is small, while the VSC-HVDC system is in derated operation state
due to component failure, and the available transmission capacity is greater than the wind
farm output, obviously, the failure state of VSC-HVDC component should not be included in
the reliability evaluation. Taking the impact of wind farm output intermittency into account,
consideration should be given to the coordinated evaluation of wind power and VSC-HVDC
system.

Sequential Monte Carlo simulation is a simulation method performed in a time sequence. It
uses the state duration sampling method to simulate system state and the transition process. It
is a duration distribution based probability sampling method which is divided into the
following steps:

Step 1: Initialize the state of all components. Usually it is assumed that all components are
in normal states.

Step 2: Sample the duration of each elements in a sequential order.

For different states, such as normal or repair process, they can be assumed to follow
different probability distribution. For example, the state duration of the exponential
distribution is given as following:

D, - —% nR @)
where R; is the uniformed random number of component i over U [0, 1]. If the current state is
normal, then 4; is the failure rate of component i, and if the current state is outage state, A; is
the repair rate of component i.

Step 3: Repeat the Step 2 over the simulation time, and record all the sampling results of
components at each state (the transfer process of each element in a given time are shown in
Figure 1.
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Fig. 1 Component sequential state transfer process

Step 4: Combine the transfer processes of all elements and form the chronological system
state transition process, as shown in Figure 2.
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Fig. 2 System sequential state transfer process

Step 5: Calculate the reliability indices by conducting the system analysis for each
different system states.

Three general reliability indices are given as below :
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where Py, Frand Dy are the probability of system failure, frequency and average duration,
respectively; Dg is the duration of the outage state k; D,; is the duration of the normal state j;
Man and My, are the times of the failure state and the normal state in the simulation period,
respectively.

Hence the key of sequential Monte Carlo simulation method lies in the generation of the
system state transition process, once this step is completed, index calculation is relatively
simple. The essence of this method is to build the transfer process of normal and failure
system.

3 THE OUTPUT OF WIND TURBINE GENERATOR (WTG)
3.1 Wind power model

Wind power model is a basic research of the influence of large-scale wind power
integration on power system. The accuracy of the model and the parameters will directly
affect the accuracy of following simulation. The relationship of the wind speed and wind
power output of WTG is not linear. In the standard air density condition, the relation curve of
wind power output and wind speed is called the standard power characteristic curve of WTG,
as shown in figure 3.



Fig. 3 Curve of WTG power output

It can be described by Equation (5) :

0 0<v<y,
P (A+BxVv+CxV?) v, SV<v,
P(v) = ()
Pr VI'SV<VCO
0 V2V,

where P; is the rated power output of WTG; v is the wind speed; Vg, Vg, and v, are the cut-
in, rated, and cut-out speed of WTG; A, B, and C are the coeffiecients of the output model,

calculated as following:

1 v +v ’
A= 2 Vi (Vci +Vr) - 4'Vcivr 4
(Vci _Vr)

1 v, v, | B
B = —I,)2{4(Vd +V, )|: 2v (3Vci +V, )} (6)

(Vci -V

3.2 Outage model of WTG

WTG structure is relatively simple, and the maintenance time is short. The maintenance
can be arranged at the time of low speed or no wind, so it will not be considered in reliability
analysis. From this point of view, the nature of WTG and the traditional generator is the same,
so the reliability model of traditional unit can also be used for WTGs. The model contains the
normal state and outage state, and the state transition diagram is shown in figure 4.

Failure rate 4

Y

Normal Outage
state state

A

Repair rate z

Fig. 4 The model of two states of WTGs

4 RELIABILITY INDEX



At present we always refer to traditional HVDC reliability index to evaluate the reliability
of VSC-HVDC system, such as energy unavailability. But for VSC-HVDC system to transmit
offshore wind power, the intermittency of wind power should also be included into the
reliability index. Therefore, new indices are defined to describe this influence.

According to the CIGRE 14-97 "PROTOCOL FOR REPORTING THEOPERATIONAL
PERFORMANCE OF HVDC TRANSMISSION SYSTEMS" and code for statistical
reliability standard DL/T 989-2005-main reliability indexes of HVDC system are:

1) The energy unavailability (EU)

EU =E(D_EOT,)/study interval (7)

In the equation, EOT; is the equivalent outage time of the outage time i in a year. It is
numerically the proportion of actual outage time T; in which the system is at a derated
capacity, i.e., EOT, =T, = (1- capacity available during the outage / system rated capacity).

2) The energy availability (EA)
EA =1-EU (8)

When VSC-HVDC is used as an transmission system to transfer offshore wind power, there
will be some new operating conditions due to the intermittent nature of wind power: if the
wind speed is low, and the output is relatively small, though the VSC-HVDC is in derated
state due to component failure, but wind power is still able to be transmitted by the VSC-
HVDC system, and with no losses of power. In such a case, the failure should not be included
in the reliability index.

3) Forced outage rate of terminal

Since the VSC-HVDC system (single converter configuration) does not have the
conception of monopole outage or bipole outage, i.e., any failure of the component will result
in the outage of the whole system. Meanwhile, considering the configuration of multi-
terminal system, a new index called forced outage rate of terminal is designed in this paper.
This index is shown as:

A
I:()RTerm ﬂ+/,l /u (9)
where FORrem is the forced outage rate of a terminal. Usually, if there is no DC breaker
installed in the VSC-HVDC system, the outage rates of all the terminals are identical.

5 FLOW CHART

The flow chart of the proposed algorithm is as following.
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Fig. 5 Flow chart of the algorithm
6 CASE STUDIES

To demonstrate the effectiveness and feasibility of the proposed method, numerical tests
are applied on a multi-terminal VSC-HVDC system.

The VSC-HVDC system is used to transmit the wind power to the mainland grid system.
Due to the reason that the WTGs in this wind farm are located dispersively, the VSC-HVDC
system has been planned to have two sending terminals (Sending Terminal 1 and Sending
Terminal 2) and one receiving terminal (Receiving Terminal). The capacity of these two
sending terminals are 50MW and 100MW, respectively. The capacity of the reveiving
terminal is 200MW, which means that the VSC-HVDC has a redundant capacity of 50MW.
The utilization of this redundant capacity is due to the consideration of future expansion of
the system. Figure 6 gives the diagram of this VSC-HVDC system.
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Fig. 6 Diagram of the multi-terminal VSC-HVDC system

Because the reliability evaluation adopts sequential Monte Carlo simulation method, we
choose the sequential wind speed model. The wind speed stachastic data are from Referrence
[4].

The configuration consisting of the main components of one terminal in the VSC-HVDC
system is shown in Fig. 7. The reliability parameters of these main components are as listed in
Table 1. The tranmission distances between Sending Terminal 2 and Receiving Terminal and
between the Sending Terminal 1 and the Receiving Terminal are assumed to 100km and
50km, respectively. No DC breakers are configured in this VSC-HVDc system.

DCL

Fig. 7 Configuration of main components in one terminal of VSC-HVDC system

TABLE 1 COMPONENT RELIABILITY PARAMETERS USED
IN THE EVALUATION OF THE VSC-HVDC SYSTEM

Transformer (Trn) 0.0675 462
Valve (VIv) 0.0116 27
AC Breaker (AC Brk) 0.0010 24




DC Line (DCL) 0.14/100km 4
Phase Reactor (PhR) 0.0047 7
Smoothing Reactor (SR) 0.0035 5
Ground Resistance (GR) 0.0010 2
DC Bus (DC Bs) 0.0060 3
Station Control 0.00053 3
System Control 0.000061 2

Note : 1. Station control and system control are secondary equipments, and do not drawn in Figure 7.
2. The failure rate and repair time of WTG are essential in the following study. They are assumed to be
0.073 occ. / yr. and 135 hr., respectively.

6.1 Results of the reliability evaluation of the VSC-HVDC system

The results of the reliability evaluation for the VSC-HVDC system are shown in Table 2.

TABLE 2 VSC-HVDC SYSTEM’S BASIC RELIABILITY INDEX

Energy availability 99.15%
Forced outage rate of Sending Terminal 1 0.513 occ. / yr.
Forced outage rate of Sending Terminal 2 0.513 occ. / yr.
Forced outage rate of Receiving Terminal 0.513 occ. / yr.

It can be seen from Table 1, the energy availability of the VSC-HVDC system reaches as
high as 99.15%, which is better than the traditional HVDC system. This is mainly because
that the transmission distance of the VSC-HVDC system is short, and the components in the
system are less than the traditional HVDC system, which also result in a reduction of the
likelihood of forced outage. In addition, the rated total capacity of sending terminals (150MW)
is smaller than the rated capacity of receiving terminal (200MW). This redundancy of
capacity configuration in the receiving terminal is also beneficial to improve the energy
availability of the system.

It can also be seen from Table 1 that the forced outage rates for all of the three terminals are
all 0.513 occ. /yr. This is due to the fact that for this tested VSC-HVDC system, there is no
DC breaker installed in it, which means any component in the system fails will result in the
outage of the whole system. Only after the system is at a power-off state, the switcher
disconnects the terminal that failure component is located at, the remaining two terminals can
operate in a normal state. In other words, the forced outage rates of all the three terminals are
affected by the failure of any single component.

But if a multi-terminal VSC-HVDC system has DC breakers installed, the forced outage
rates of the terminals may be different.

6.2 The influence of intermittency of wind power output on the reliability of the VSC-
HVDC system.

The influences of intermittency of wind power output on the reliability of the VSC-HVDC
system are explained in Table 3 and Table 4. Table 3 gives the available capacity distribution
of the VSC-HVDC system without considering the intermittency of wind power. Table 4
gives the available capacity distribution of the VSC-HVDC system considering the
intermittency of wind power.



TABLE 3 AVAILABLE CAPACITY DISTRIBUTION OF THE VSC-HVDC SYSTEM
WITHOUT CONSIDERING THE INTERMITTENCY OF WIND POWER

1.00 0.9891 0.403
0.67 0.0036 0.144
0.33 0.0036 0.109

0 0.0037 0.155

TABLE 4 AVAILABLE CAPACITY DISTRIBUTION OF THE VSC-HVDC SYSTEM
CONSIDERING THE INTERMITTENCY OF WIND POWER

1.0 0.9936 3.371
0.5~1.0 0.0061 4.313
0~0.5 0.0032 1.028
0 0.0000 0.000

It can be seen from Table 4 that, when considering the intermittency of wind power, the
probability of available capacity distribution of the system is better than the one without
considering the intermittency of wind power. This can be explained as following: since the
wind speed is stochastic and volatile, and this stochastic and volatile wind speed will result
the change of wind power. Suppose that when a component in the VSC-HVDC system is
outage and this will result in derated system state. However, at the same time, if there is no
wind or the wind speed is small, so the power output of wind farm is zero or small. And the
remaining capacity of VSC-HVDC can still transmit the wind power to the load demand side.
In this case, when considering the intermittency of wind power, the component does not result
in the power transmission congestion, so the failure of this component does not contribute the
derated capacity of the VSC-HVDC system. In other word, when the wind power is less than
the remaining capacity of the VSC-HVDC, the failure of the component does not result in the
reliability index of unavailibility. For instance, if a component in Sending Terminal 1 fails, so
this will lead Sending Terminal 1 outage. And the remaining capacity of the VSC-HVDC
system still operates. At this time, the remaining capacity of the system is 100MW. If the
wind power at this time is smaller than 100MW, e.g., 40MW, hence the wind power is not
hindered. Then the whole VSC-HVDC system can be seen as normal.

It can be observed in Table 3 and Table 4 that the frequencies of capacity states in Table 4
are all greater than the ones in Table 3. This is the reason that the wind power changes
dramatically, and lead the capacity states change a lot than the ones in Table 3.

For better comparison, the availability capacity distributions of two cases (without
considering wind power and with considering wind power) are listed in Table 5. For the case
of without considering wind power, the discrete availability capacity is allocated to the
corresponding interval.

TABLE 5 COMPARISON OF THE VSC-HVDC SYSTEM’S AVAILABLE CAPACITY
BETWEEN WITH/WITHOUT CONSIDERING WIND POWER

1.0 0.9891 0.403 0.9936 3.371
0.5~1.0 0.0036 0.144 0.0061 4.313
0~0.5 0.0036 0.109 0.0032 1.028
0 0.0037 0.155 0.0000 0.000
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6.3 Influence of the failure of WTG on the reliability of the VSC-HVDC system

To research the effect of the failure of WTG on the reliability index. The expanded test is
conducted under that case of ignoring the failure of WTG. The compared results are shown in
Table 6.

TABLE 6 ENERGY AVAILABILITY DISTRIBUTION WITH CONSIDERING OF WTG FAILURE

1.0 0.9936 3.371 0.9923 3.238
0.5~1.0 0.0061 4.313 0.0074 4.144
0~0.5 0.0032 1.028 0.0003 1.006
0 0.0000 0.000 0.0000 0.000

It can be seen from Table 6, when considering the failure of WTGs, the available capacity
distribution is better than that of without considering the failure of WTGs. This is mainly
because when considering the failure of WTGs, the output of WTGs is getting worse and the
blocking probability of wind power is getting smaller, which will result the reliability of the
whole VSC-HVDC system is better.

7 CONCLUSIONS

Conclusions can be drawn from the analysis of the reliability evaluation of the tested
HVDC system.

The energy availability of the VSC-HVDC system amounts to 99.15%, which is better than
the traditional HVDC system. It is mainly because that the transmission distance of the VSC-
HVDC system is short, and the components in the system are less than the traditional HVDC
system. In addition, the redundant capacity of receiving terminal is also beneficial to improve
the energy availability of the VSC-HVDC system.

The forced outage rates for all of the three terminals are all 0.513 occ. /yr. This is due to the
fact that for this tested VSC-HVDC system, there is no DC breaker installed in it, which
means any component in the system fails will result in the outage of the whole system.

When considering the wind power, the available capacity distribution of the VSC-HVDC
system is better than that without considering wind power. This is the reason that when
considering the wind power, not all the failures of the system will contribute the unavailable
capacity of the system.

When the failure of WTGs is neglected, the available capacity distribution of the tested
VSC-HVDC system is worse than that the failure of WTGs is not neglected. This is due to the
fact that when the failure of WTGs is neglected, the wind power is larger than the case that
the failure of WTGs is not neglected, and this larger wind power will create more unavailable
capacity states of the system when doing the Monte Carlo simulation.
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SUMMARY

HVDC systems based on the Voltage Sourced Converter (VSC) technology can provide a
variety of network stabilizing functions which were not available with the Line Commutated
(LCC) HVDC systems. A unique functionality of VSC-HVDC systems using Forced
Commutated Converter (FCC) is the ability of operating in an islanded network where
VSC-HVDC is the only power source or is in charge for the network voltage and frequency
control. ~ This functionality allows the VSC-HVDC converter to provide
System Recovery Ancillary Service (SRAS) during the restoration of an AC transmission
network after a Black Out.

The variety of possible network restauration scenarios is very high so that not all possible
network configurations can be tested. To define a method for a general verification of the
SRAS capability provided by a VSC-HVDC system during AC network restauration, an
understanding of the restauration process and the critical aspects for VSC-HVDC systems
operating under this conditions is required.

This paper gives an overview of the process to restore operation of the VSC-HVDC system
without relying on the external electric power transmission network (Black Start), followed
by the description of the requirements, coordination and sequential procedure by which
network restoration is performed (SRAS). Considering the high variety of network
configurations and network elements which can occur during a network restoration, a generic
test environment is proposed which is based on the SRAS relevant network elements and can
be parameterized according to specific AC network requirements. The generic test
environment allows the SRAS capability verification of a VSC-HVDC system without the
need for complex and time consuming network studies.
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1. INTRODUCTION

After a total and unintended loss of electrical power in a transmission network, commonly
known as Black Out, the network restoration process has to be started. The requirements,
coordination and sequential procedure by which network restoration is performed are
described as System Recovery Ancillary Service (SRAS). Gas- and Hydroelectric power
stations are the preferred sources for SRAS in the conventional network restoration due to the
flexible control and fast ramp up times.

HVDC systems based on the Voltage Sourced Converter (VSC) technology are capable to
operate in an islanded network where VSC-HVDC is the only power source or is in charge for
the network voltage and frequency control. The functionality of islanded network operation
allows the application of the VSC-HVDC converter in the SRAS mode. The SRAS mode of
the converter is considered as finished when the primary controls of VSC-HVDC converter is
switched to active and reactive power control and the voltage/frequency control is done by
generators of thermal power plants.

In the following clauses the network restauration process and a method for SRAS capability
verification is presented.

2. VSC-HVDC Black Start

The network restauration is started with the black start of the VSC-HVDC converter station.
A black start is the process of restoring a power station to operation without relying on the
external AC electric power transmission network. The black start process can be considered
as finished when the converter transformer is energized. For VSC-HVDC applications,
Black Start is mainly the energisation of the converter station that is not directly connected to
the AC network, but through the DC network.

The steps of the VSC-HVDC Black Start process are presented in Figure 1.

mce % 8

Standby Blocked  Operational

Life Busbar Black Busbar

Figure 1 : Black Start Sequence



In initial state, the de-energized VSC-HVDC System is in Standby mode and the AC circuit
breakers are open (1). The converter at the life busbar is connected to the network and is
energized from the AC side, the converter at the black busbar is then in blocked mode (2).
During the energisation of the first converter, the remote converter is charged through the DC
side. After the charging process is finished, the remote converter is deblocked and changes
into operational mode (3). After the energisation of both converters the AC circuit breaker to
the black busbar can be closed (4). The energisation of the busbar closes the black start
process and is the first SRAS delivered from the converter.

3. Network Energisation Strategy

During SRAS mode, power is drawn from a remote and strong network connected via the
HVDC system (life network according to Figure 1) to the network that has to be restored.
With this “bottom up” method of network restauration, the network energisation capability is
defined by VSC-HVDC characteristics.
Two general strategies for network recovery are possible using the VSC-HVDC SRAS:

e Collective Network Energisation

e Sequential Network Energisation
Collective Network Energisation, which can be also described as “soft start”, is a process
where the elements of the network (e.g. lines and transformers), that have to be energized, are
connected to each other prior to the application of the voltage. Then the complete network is
energized using a defined voltage ramp. The voltage ramp definition depends on the
disturbances caused by switched elements (e.g. traveling waves on transmission lines, inrush
currents of transformers, etc.) and by the protection systems of the network. The collective
network energisation can be used e.g. for initial offshore wind park energisation.
Sequential Network Energisation is a process where the individual elements of the black
network are energized sequentially. Transformers, transmission lines, loads, etc. are switched
to operational voltage/frequency level following a predefined sequence.
The Collective Network Energisation can be used for the initial energisation only. After the
voltage/frequency level has been established, the process of connection additional elements to
the network can be considered as Sequential Network Energisation.
The Sequential Network Energisation is more prevalent and has more aspects that have to be
considered, such as transient effects. In the following clauses the Sequential Network
Energisation is presented. The aspects considered can also be assigned to the Collective
Network Energisation process.

4. Sequential Network Energisation

The Sequential Network Energisation can start after the Black Start of the VSC-HVDC
system is finished as described in clause 2. The network elements are then connected
sequentially to the converter bus bar. The evaluation of the Sequential Network Energisation
process can be done by monitoring of voltage and frequency changes in the AC network. For
a successful network restauration, the connection of the network elements must not cause a
voltage and frequency disturbance outside the specified limits, and the VSC-HVDC System
should not trip.
The SRAS capability depends therefore on the network elements connected to the bus bar of
the converter. The selection of the network elements to be used for the SRAS capability
verification can be generally done by two approaches

1. Simulation of the network restoration based on the real network data

2. Simulation of the network restoration based on the generic model



The first approach is based on the network simulations studies where the interaction between
HVDC system and AC network is analyzed. The advantage of this study is the verification of
the SRAS capability for the AC network of interest. Unfortunately, this approach has some
significant drawbacks. During project execution, only a limited number of network restoration
scenarios can be tested. Therefore, a general statement about the SRAS capability cannot be
made. In case of new network restauration scenarios, the verification of the SRAS capability
has to be repeated. Another drawback is the converter modeling during the SRAS mode.
Network simulation studies are done in RMS type models in order to enable the simulation of
extended AC network. The RMS type model and the simulation time step might not be
sufficient to cover all the relevant functions in the SRAS mode. Therefore, for a reliable
analysis of the SRAS capability, an EMTP type model is required.

With the application of an EMTP type model, only a limited AC network can be analyzed. In
order to cover all the relevant network elements of a network restauration process a generic
network model has to be applied.

4.1 Generic network model

The main purpose of the generic network model application is not to create a network model
that can be applied for all VSC-HVDC converters and AC networks, but to create a network
topology of relevant network elements. The network elements are then parametrized
according to the VSC-HVDC system capability and to the AC network configuration. A
network topology which covers the most relevant elements for SRAS analysis is presented in
Figure 2.
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Figure 2 : Generic network topology for SRAS analysis



The main elements considered in the generic network topology are transmission lines,
transformers, domestic loads, industrial loads, generators and remote networks. The topology
considers especially the connection of the network elements to local and remote busbars to
cover transient effects. In the following clauses, the main elements and their relevant
parameters are presented.

5. Definition of parameters for the SRAS capability evaluation

5.1 Voltage and frequency disturbance definition

The connection of AC network elements to an existing non-ideal voltage source will cause
voltage and frequency disturbance in the network. The maximum disturbance allowed in the
AC system depends on the connected loads and might change during the AC network
restauration process. Assuming that the load shedding protection can be activated at a network
frequency of <49 Hz in a 50 Hz network, connecting elements should cause a frequency
change of Af < 0.8 Hz [1]. The final definition of the voltage and frequency disturbance has to
be done by AC network operator and specified as design criteria for SRAS.

5.2 Transmission lines & transformers

The connection of unenergized transmission lines cause steady state and transient effects,
which must not cause a disconnection of the VSC-HVDC system. Transient effects depend on
the transmission line type (OHL, cable), configuration (mast type) and transmission line
length. Therefore, different transmission line configurations should be considered in the
SRAS verification. For German AC power grid, the line distances of 50km, 100km and
350 km and Danube configuration is representative [2]. The transient effects relevant during
the energisation are switching overvoltages, travelling waves and resonances (incl.
Ferroresonances). After decay of the transient effects, the reactive power demand of the
transmission line has to be provided by the VSC-HVDC system, which must have sufficient
reactive power capability.

Transformer connection causes, in the first step, AC network stress by inrush currents. The
inrush currents themselves depend on the pre-magnetization, time point of connection and the
transformer size. In comparison with the SRAS provided by conventional generators, the
overcurrent capability of a VSC-HVDC system is limited. Therefore the connection of
transformers can cause a high voltage drop in the AC network if the inrush currents are not
limited by other measures such as point on wave switching. The limitation of voltage drop,
might limit the capability of transformer connection in the SRAS process.

Transformer connection also changes the total network AC network impedance. In an AC
cable network, the connection of transformers can initiate harmonics, which can cause the
destabilization of the AC network. Since the destabilization of the AC network also depends
on the converter control, the full evaluation has to be done with the full converter control
modeling in a small time step (< 1 ms).

5.3 Loads definition

Power consumption of elements connected to the network during Sequential Network
Energisation ranges for the existing network recovery strategies between 5 MW and 30 MW.
The upper limit of a power consumption block should be 10 % of the power supply station
and is limited to 100 MW. Generally, resistive, capacitive and inductive loads are connected.
Domestic and industrial loads are mostly inductive. Typical power factors are cose =0.9 for

domestic and cos¢ =0.85 for industrial loads [3]. The definition of the loads must also take

into account that the reactivation of the loads after a system Black Out might cause
significantly higher power consumption than before the load (“Cold Load Pick-Up) [4].



Special stress to the VSC-HVDC systems is created by motor loads. Motor loads are usually
responsible for 60% of the loads in an electrical AC network. The majority of the motor loads
(app. 95%) are provided by asynchronous machines. Depending on the motor size and the
ramp up strategy, initial motor currents can be in the range 6-8 p.u. of nominal motor currents.
Therefore, the maximum load definition cannot be done by power block definition only, but
has to take the initial currents into account in case a high motor power is installed.

5.4 Synchronising Additional Generating Units

Additional generating units are connected to the network using the same procedures as under
integrated network condition. The generator is accelerated and a synchronising relay is
controlling frequency and voltage produced by the generator to obtain the required
synchronism with the network. The connection of additional generators requires control
settings coordination between the VSC-HVDC and the generators to create the desired load
sharing. During generator synchronisation the VSC-HVDC should not trip, nor do cause
voltage or frequency disturbances outside the specified limits. For the modelling of the
additional generator units connection, a full VSC-HVDC converter generator control has to be
used.

5.5 Re-Synchronising the Network to the Remote Networks

The re-synchronisation is a switching event that establishes a connection between a life but
yet islanded network and the integrated network. The re-synchronisation is done with a circuit
breaker equipped with a synch-relay. To allow these relay to work properly the frequency and
voltage deviation across the open breaker has to be within certain range which is defined by
AC network and the AC circuit breaker. Typical values are in the range of 100-200 mHz.
After the connection to the integrated network, SRAS mode of the VSC-HVDC system is
considered as finished.

6. CONCLUSION

For the evaluation of SRAS capability with VSC-HVDC systems a generic network-topology
with specific network elements was presented. The network-topology has to be parametrized
based on the AC network configuration which has to be restored after a Black Out. The
relevant parameters for the network elements were presented and default proposed.

The SRAS verification with the generic network-topology provides a general evidence of the
SRAS capability with VSC-HVDC systems and ensures that all the relevant aspects of the
network restauration process are considered.

BIBLIOGRAPHY

[1] ENTSO-E Operation Handbook Appendix 1 ,,Load-Frequency Control And
Performance,16.06.2004

[2] Kizilay, Mustafa, Losing, Martin. Et al. ,Blackstart of a 380kV Transmission System
With Unloaded Transformers after System Collapse* Power System Computation
Conference 22. August 2011, Sweden

[3] Kundur, Prabha ,,Power System Stability and Control*“ McGraw-Hill, 1994

4] Agneholm, Evert ,,The Restoration Process Following a Major Breakdown in a Power
System” Chalmers University of Technoloy, 1996



,' HVDC AND POWER ELECTRONICS
@Clgl'e INTERNATIONAL COLLOOQUIUM

& STUDY COMMITTEE B4 41 AGRA, INDIA 2015

A Novel Control Strategy for MMC-HVDC Connected to Passive Networks

WEIHUANG HUANG, MING LI, SHUKAI XU, YING HUANG, XIAOLIN LI, HONG
RAO
Electrical Power Research Institute, China South Power Grid Co., Ltd
China

SUMMARY

Modular Multilevel Converter Based VSC-HVDC ( MMC-HVDC ) has great
application prospects for power in-feed of passive networks, such as city center,
distributed islands, offshore gas platforms, etc, because of its control flexibility. In
this case, the key task of MMC-HVDC is providing stable AC voltage for passive
networks. Output voltage feedback control in synchronous frame is generally adopted,
to achieve zero steady error and fast dynamic performance. However, when
considering large amount of harmonics introduced by switching devices and non-
linear loads in some passive networks, the conventional control strategy may not be
satisfactory. The various-order harmonic current flowing through arm buffer inductors
will severely distort the output voltage waveform, and the abstraction and suppression
of harmonics in synchronous frame could be onerous tasks.

This paper firstly introduces the circuit configuration and operation mechanism of
MMC-HVDC connected to passive networks. A generalized mathematical model for
MMC-HVDC is deduced. On this basis, analysis of arm buffer inductors designing
process based on per-unit value is carried out, which reveals the relationship between
the harmonics current and the output voltage THD. To improve the output voltage
quality, a novel control strategy with parallel resonant controllers in stationary frame
is proposed. The resonant controller has nearly infinite gain at the controlled
frequency, which ensures zero-steady-state-error tracking of sinusoidal-wave
reference, without coordinate transforming. On the other hand, the parallel structure
can suppress the selected-order harmonic, to improve the quality of MMC-HVDC
power supply. The parameter designing criterion for the parallel resonant controllers
is also discussed. The results show that due to the inherent characteristics of MMC-
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HVDC, the parameter designing process is quite simple. Moreover, it is possible to
suppress all the integer-order harmonics content within the control frequency.

A 49-level MMC-HVDC model is established in Matlab/Simulink. The passive
network to be fed contains a large rectifier load. The 5™, 7%, 11" and 13™ harmonics
are selected to be suppressed with the proposed control strategy. The simulation
results show that smooth sinusoidal output voltage is obtained and the parameter
designing process is quite simple.

KEYWORDS

Modular Multilevel Converter, Passive Networks, Buffer Inductor, Parallel Resonant
Controller, Harmonic Suppression



. Mathematical Model of MMC

The structure of MMC-HVDC connecting passive networks is shown in Figure 1.
Each phase of MMC contants an upper arm and a lower arm, between which are
buffer inductors. There are N submodules in the upper and lower arms, respectively.
Each submodule consists of a storage capacitor, two IGBTs and two antiparallel
diodes, to form a half-bridge circuit. uy; and iy; are the voltage and current of the
upper arm of the j(j=a. b, c) phase. uy and i are the voltage and current of the
lower arm of the j phase. u, and i, are the output voltage and current of MMC, which
are also the power supply of passive networks. Uy is the dc-link voltage of MMC,
maintained by HVDC system.
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U [SMy | [ SMu | [ SMu, | el
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Figure 1 MMC-HVDC connecting passive networks

According to Kirchhoff’s current law, the relation between output current and arm
current can be obtained as

I-ZIUJ-+ILJ-

o)

Taking the neutral point n of the dc link as the reference point, the voltage equations
can be written as

Udc

di )
Uy, +2LE+2R|LJ. =U;—

dc

2

di, .
Uy, +2LE+2R|UJ. =—Uy +

where R is the equivalent series resistance of buffer inductors. Adding (2) and (3), one
can obtain

(1)

(2)

3)



U —Uy;

di . ) .
Uy +L d:J +Ri; —_4 U _a

2 J

gj is the imaginary inner alternating voltage generated in phase j [1]. According to
(4),if the inner alternating voltage is regarded as the input variable, the converter
output voltage and current can be directly controlled, then the widely used vector
control based on synchronous coordinates in two-level VSC topology can be adopted
to MMCJ2]. However, when considering large amount of harmonics introduced by
switching devices and non-linear loads in passive networks, the conventional vector
control may not be satisfactory.

Il Impact of Buffer Inductors on MMC Output Voltage Waveforms

Buffer inductors are indispensable parts for MMC, which have three important
functions[3]:

a) Due to the discrepancy of three phase arm voltage, circulating current appears
among the three- phase unit. Circulating current will do harm to the design and safe
operation of the power devices and increase power losses. Buffer inductors can
reliably minish circulating current.

b) Buffer inductors can restrain rate of current rise effectively under short circuit fault.
Especially for the DC pole to pole fault, the peak surge current is mainly determined
by the value of buffer inductors.

c) According to (4), the upper arm inductor and lower arm inductor are parallel at the
output side, which can be regarded as output impedance of MMC, therefore affect the
operation range of MMC.

For different functions, there are different design rules for buffer inductors. In the
following analysis, the output voltage uo; and output current iy are taken as the
standand of per unit.

The desired inner alternating voltage e; is assumed to be a sine wave

U
g, =m 2“° cos(ayt+¢;)

where m is the modulation index. Thus (4) can be rewritten as

di;

. U
U; +L—>+Ri;=m 2‘“ cos(ayt+¢;)
From (6) one can see that m is closely related to L. Assuming ue=1pu, i,=1pu,
Uqc=2.8pu, to avoide overmodulation, L should not exceed 0.4pu.
From the viewpoint of suppressing circulating current, the relation between buffer
inductors and circulating current is[4]

2L= 21 S +Uq
40,CgyUc \ 3l

cirm

(4)
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where S is apparent power of MMC, lgm Is the peak circulating current, Uc is the
submodule capacitor voltage. Submodule capacitor parameter Csy can be calculated

as[5]
) 3
2
C,, = S : l_(mCOSgoj
3mNaw,e(U, ) 2

where N is the number of submodule of each arm, ¢ is the fluctuation percentage of
Uc, cosp is the power factor. Assuming N X Uc=U4. under steady condition,
substituting (8) into (7) , L can be expressed as

3meU, [ S ‘U,
8&)08 3Icirm

3
l: (mcow}z T
1-—
2

From (9) one can see that the larger arm inductor is, the severer the fluctuation of
capacitor voltage is, on the contrary, the smaller circulating current becomes.
Assuming Ug.=2.8pu, m=0.9, cosp=0.9, ¢=5%, S=3.33pu, to restrict lm within 0.2pu,
L need to be larger than 0.09pu.
From the viewpoint of restraining rate of current rise under DC pole to pole fault, L
should satisfy[5]:

L=

2|_:ﬂ
2a

where a is the rate of surge current rise. To restrict « within 0.2pu per second, L need
to be larger than 0.07pu.

In conclusion, the value rang of arm inductor is 0.09pu<L<0.4pu. Considering cost
and volume, L is designed as 0.1pu in this paper. The designing process above is
based on per-unit value, which has universal sense.

If passive networks connected to MMC-HVDC contain several switching devices and
non-linear loads, large amount of harmonics will be introduced to MMC output
current. Consequently, the various-order harmonic current flowing through arm
inductors will severely distort the output voltage waveform. For example, assuming
arm current contain 5% five-order harmonic, the voltage drop caused by harmonic is
5woL X 5%=0.025pu, which means THD of MMC output voltage will increase 2.5%.
The power quality of passive networks is seriously deteriorated. Thus, it is necessary
to take measures to supress the output voltage harmonic.

II' MMC Output Voltage Control Strategy Based on Parallel Resonant
Controllers

The control object of MMC connecting to passive networks is to obtain stable and
sinusoidal output voltage waveform. To achieve this, both Pl controllers in

(8)
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synchronous frame [6] and Proportional+Resonant(PR) controllers in stationary frame
[7] could be adopted. It has been proved that they are mathematically equivalent [8].
In this paper, PR controllers in stationary frame are choosen, as the coordinate
transformation and the phase-locked loop (PLL) can be avoided. The transfer function
of PR controllers can be written as

k.S
s? + o’
where k, and k;; are proportional coefficient and resonant coefficient respectively. w;
is the resonant frequency designed to coincide with the frequency of a sinusoidal
reference input. Figure 2 gives the Bode diagram of PR controllers when ky=1 k=5,
®;i=1007. It can be seen that the gain of transfer function increases to infinity at the
resonant frequency. This ensures zero-steady-state-error tracking of sinusoidal
reference. Furthermore, one can observe that PR controllers have strong bandpass
characteristics, which means several PR controllers can function simultaneously and
independently.
Based analysis above, a novel control strategy with parallel resonant controllers is
proposed in this paper, to suppress selected order harmonics. Since triple frequency
current can’t circuit in most passive networks, there is no need of triple frequency
resonant controllers. Block diagram of proposed control strategy is shown as Figure 3,
where
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Figure 2 Bode diagram of PR controller when k,=1,k;=5, w;=100n
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Figure 3 Block diagram of proposed control strategy
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According Figure 3 and equation(4), MMC output voltage can be expressed as
Gy « Ls+R.
Uy = U, — Iy
1+Gpy 1+ Gy
One can see that the MMC output current i, can be treated as disturbance for u,,
which is determined by passive networks. Since Gpg has infinity gain at the resonant
frequency, one can obtain from (13)

l'IO =LI0

So the proposed control strategy can achieve zero steady error and totally eliminate
the disturbance of low order output current. Substituting (12) into (13), u, can be
rewritten as

k.S
kp + 2 2
i=15,..n S + & * Ls+R .
U0 = ks UO — s Io
1+k,+ Y r 1+k, + ri

i=15,..n s?+ 0}.2 i=15,..n s? + 60.2

It is obviously that the order of characteristic equation is very high, which means to
design the controller parameters by the traditional poles assignment strategy is very
difficult. As for two-level voltage source inverter(VSI), because of the phase lag
introduced by LC filter, higher order harmonics will lag behind lower order
harmonics. Thus resonant coefficients at different frequency should be different[9].
Reference [10] adopts a kind of resonant controllers with phase compensation
function to solve this problem, but the phase compensation for each is also hard to
design. Actually, since there is no LC filter on the output side of MMC, it is much
easier to design controller parameters compared to two-level VSI. One can see from
(13) that Gpr is the only element affecting system performance, while each resonant
controller in Gpg functions independently as described above. Thus, with the same
coefficients ki, identical dynamic performances and system stability can be achieved
at all resonant frequencies. That means there is no need to design resonant coefficients
separately. In other words, kp=ks="------ =k, can be achieved. As a result, the control
parameters designing process is significantly simplifed.

Further more, because of the strong bandpass characteristics of resonant controllers,
the magnitude-phase characteristics of the systerm is exactly the same within
controlable frequency. Therefore, it is possible to suppress all the integer-order
harmonics content within the MMC control frequency.

IV Simulation Verification

A 49-level MMC-HVDC model is established in Matlab/Simulink. The passive
network is fed by MMC-HVDC through a 31kV/10kV transformer, as shown in
Figure 4. To validate harmonic suppressing performance of proposed control strategy,
the passive network contains a rectifier load, which introduces large amount of
harmonic to the network. The simulation parameters are shown in Table . The
simulation results of conventional feedback control in synchronous frame and
proposed control are compared as follows.

(13)

(14)

(15)
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Figure 4 Setup of Simulation Model

Table I SIMULATION PARAMETERS

parameters values
Number of submodules of each arm N 48

DC transmission voltage Ug, +30 kV
Submodule capacitor Cgy 3.7mF
Arm buffer inductor L 17.2mH

Arm Equivalent resistance R 0.1Q
Control frequency f; 8100Hz

Fundamental frequency f, 60Hz
Rated apparent power of MMC S 20MVA

Rated output line voltage of MMC u, 31kV

Figure 5 shows that the output line current of MMC-HVDC contains large amount of
harmonics, where the 5", 7, 11" and 13™ harmonics are the dominant components.
As a result, the output line voltage waveform with conventional control strategy is
also seriously distorted, as shown in Figure 6, which might harm other equipments in
the passive network. Besides the same order harmonics as output line current, the
output line voltage also contains some 135" sideband harmonics, which is caused by
MMC control frequency(8100Hz/60Hz=135). Figure 7 shows the inductor voltage,
arm voltage and SM capacitors voltage of phase A upper arm.It can be seen that the
arm voltage is smooth sinusoidal. However, the inductor voltage contains large
amount of harmonics, superimposing on the arm voltage to cause MMC output
voltage distorted.
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Figure 5 Output line current and its frequency spectrum of MMC-HVDC feeding rectifier load
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Figure 6 Output line voltage and its frequency spectrum of MMC-HVDC with conventional control
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Figure 7 Arm inductor voltage, arm voltage and SM capacitors voltage of MMC-HVDC with
conventional control

Figure 8 shows output line voltage and its frequency spectrum of MMC-HVDC with
proposed control strategy. The 5, 7" 11" and 13™ harmonics are selected to be
suppressed with parallel resonant controllers. The control coefficients are chosen as
k=1, kr1=krs=kr7=kr11=kr13=500, which means the controllers are quite easy to tune.
It can be seen from Figure 8 that smooth sinusoidal output voltage is obtained, and
THD is lower than 2%. The uncontrolled 17", 19", 23" and higher order harmonics
still exist, which can be easily eliminated by parallelling more resonant controllers.
Figure 9 shows the inductor voltage, arm voltage and SM capacitors voltage of phase
A upper arm with proposed control strategy. It can be seen that the arm voltage is no
longer smooth sinusoidal, conversely contains large amount of harmonics.That is
exactly what compensates the distortion of inductor voltage, and ensures the output
voltage quality. In the meanwhile, compareing SM capacitors voltage in Figure 7 and
Figure 9, one can see that the proposed control stratgy will not deteriorate voltage-
balancing performance among SM capacitors.
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Figure 8 Output line voltage and its frequency spectrum of MMC-HVDC with proposed control strategy
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strategy

V Conclusion

MMC-HVDC has great application prospects for power in-feed of passive networks, because
of its control flexibility. However, when passive networks contain switching devices or non-
linear loads, harmonic current flowing through arm buffer inductors will severely distort the
output voltage waveform of MMC-HVDC. A novel output voltage control strategy based on
parallel resonant controller in stationary frame is proposed. It can compensate the harmonics
selectively and totally without coordinate transforming, to improve the quality of MMC-
HVDC power supply. Moreover, due to the inherent characteristics of MMC-HVDC,
parameter designing process for the proposed control is quite simple.
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SUMMARY

The improvements in thyristor technology described in the paper will lead to more efficient thyristor
valvesfor HVDC systems.

The 6-inch Light Triggered Thyristor (LTT, Fig. 1) is ready for application in al future HYDC
transmission projects with ratings of up to 10..14 GW a DC currents of 5000 A to 6250 A and
voltages of up to +1100 kV. It will considerably reduce the complexity of the valves by eliminating
electrical trigger and external protection functions.

The application oriented pulse peak method for routine tests of the voltage withstand capability will
enable utilization of 9.5 kV reverse blocking capability. This results in a reduction of the number of
series connected elements in a valve or at least a constant number of devices if voltage stresses on
single elements increase due to higher stresses of the valves at increased currents up to 6250 A.
The increased blocking capability in line with the high current and surge current capability
(140 KA/70 kA) due to the Low Temperature Sintering Technology (LTS) makes it possible to cover
the whole range of feasible applications of 6-inch-thyristors with one single device. Other
manufacturers need to use different classes of blocking voltages to cover the individua current and
voltage requirements.

The protection functions against overvoltage (BOD) and voltage rise (dv/dt) had already been
integrated into the LTT thyristors. However, a new integrated Forward Recovery Protection (FRP)
function has been recently successfully verified during routine testing of several hundred LTTs. As dl
other features of the thyristor remain unchanged the FRP function can now aso be implemented in all
other typesof LTTs.

With completion of this step only three types of LTTs (4-, 5- and 6-inch with 9.5 kV reverse blocking
voltage capability) will be available to cover the whole power and voltage range of HVDC
transmission technology without the need for any electrical triggering or protection function leading to
simple and reliable thyristor valve design.
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1. Application driven demands for Bipolar Semiconductors

To enable economic transmission of large amounts of electrical energy from power generation centres
to load centres High Voltage Direct Current (HV DC) transmission using Line Commutated Converters
(LCC) has been established as the preferred technology. Although in recent years Voltage Sourced
Converters (VSC) with IGBTs have gained increasing importance, thyristor devices are till favoured
for applications in which ultra high voltages and high currents have to be controlled, because they
have the best performance in terms of on-state losses and symmetric blocking capability. Thyristors
are also used in Static Var Compensators (SVCs), like Thyristor Switched Capacitor (TSC) and
Thyristor Controlled Reactor (TCR). In addition, bipolar semiconductor discs are applied as bypass
thyristors (Crow Bar) or freewheeling diodesin HVDC VSC.

Fig. 1: 6-inch Light Triggered Thyristor LTT with integrated self-protection functions (a)
Vrrv=9.5 kV; 15c=6250 A; 1+sv>140 kA and corresponding Semiconductor Wafer (b)

While HVDC transmission is becoming more and more important and installed transmission capacities
are growing on arapid pace many customers are asking for lower costs along with increased reliability
and availability, aiming also at extended maintenance periods. A feasible way to meet both goalsisto
reduce the complexity of the thyristor converters. This can on one hand be achieved by reducing the
number of series connected elements which will also reduce the number of auxiliary components at
the thyristor levels. The required higher blocking voltage capability of the thyristors can not only be
implemented by increasing the thickness of the silicon wafers (which would also increase the |0osses)
but also by more redlistic definition and application of testing procedures. The real voltage wave
shapes in an operating converter are non-sinusoidal containing steep voltage changes as well as
repetitive transient voltage peaks caused by current extinction of thyristors. Testing is usually
performed using pure sine wave voltages, which are easily available in test facilities, with amplitudes
corresponding to the ones of the transient stresses. This procedure leads to higher stress of the tested
elements than in the actua application. The use of more realistic wave shapes for thyristor testing
helps to enable better utilization of thyristor voltage capabilities. Corresponding investigations have
been performed leading to a test procedure using a sine wave blocking voltage with a superimposed
short peak voltage “Pulse Peak Measurement” (chapter 3).

Another possibility to reduce complexity of the valves is to integrate electronic functions into the
thyristor which up to now are implemented in the valves as separate electronics boards. After
eliminating the need for electric trigger circuits and external overvoltage protection as well as dv/dt
protection now the last issue, namely the protection againgt forward transient voltages during the
recovery period (Forward Recovery Protection FRP), is solved.

A combination of thyristor modification together with application of an additional optical trigger pulse
Is used to replace the previously necessary electronics board (chapter 4). To omit this external
electronic circuitry saves costs and improves the reliability (“Whatever is not present cannot fail”).

For Ultra high power UHVDC links (e.g. 10 GW, 800 kV), DC-transmission currents of 6250A and
very high surge currents are required. In case one thyristor valve loses its blocking capability the valve
which fires next in the same half bridge will initiate a two phase transformer short circuit. Due to the
low impedance of the high power transformers necessary for this kind of links short circuit currents
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will increase from 50kA in the “conventional” 800kV links to > 60KA in this future application.
To meet this requirement and to simultaneoudly improve performance and reliability of the thyristor
converters the 6-inch electrically triggered thyristor [2] used up to now was enhanced to a 6-inch
Light Triggered Thyristor. While meeting the nominal DC current requirements (6250 A) as well as
the short circuit current requirements (>70 kA) (Tab. 1, chapter 5.1) the voltage withstand capability
could be maintained (in fact, it could even be dlightly increased to Vgrn=9.5 kV). Typicdly, low loss
design and technology (on-state and turn-off) by optimised charge carrier lifetime control are
becoming more important for advanced HV DC transmission (chapter 5.2).

2. Key Design and Technology of Bipolar Semiconductors for Ultra
High Power Applications

2.1. Integrated Protection Functions for Overvoltage and dv/dt

Full advantage of the Light Triggered Thyristor is achieved, when safe fault triggering structures are
introduced which protect the device in case the limits of the forward breakdown voltage or voltage rate
of rise dv/dt are exceeded. The integrated overvoltage protection function realised by Break Over
Diode (BOD) provides an efficient and reliable controlled turn on when the forward blocking voltage
reaches values between 8 kV-9.5 kV [3]. Apart from the overvoltage protection function also a dv/dt
protection function was integrated into the thyristor [4].

2.2. Key Parameters for Silicon Wafers

State of the art silicon wafer technology enables the production of highly pure und defect free n-type
float zone silicon wafers needed for high blocking voltages up to 9.5 kV. These wafers are doped via
neutron transmutation to obtain a homogeneous resistivity distribution across the entire wafer in the n™-
zone (Fig 2a). The resistivity is in the range of 430 Q-cm to 500 Q-cm. The typical standard deviation
for a pre- processed wafer is < 1%.
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Fig. 2: Lateral distribution of resistivity (a) and distribution of carrier lifetime (ELY MAT) (b) of a pre-
processed 6-inch wafer (thickness: ~1.5 mm)

An extremely low concentration of impurities in the base region of power devices is very important to
obtain low leakage currents and on-state voltages and to enable well-defined control by means of
lifetime controlling like electron irradiation. Therefore, high-purity processing in diffusion is
absolutely necessary.

Vacancy agglomerates such as D-defects in the starting material and, consequently, their decoration by
impurities have to be avoided by using a pre-processing step like oxidation or POCI; diffusion [5].
Wafers, which are pre-processed in this way show a very high carrier lifetime up to 2000 ps (Fig. 2b)
and therefore a reproducible behaviour after lifetime controlling with respect to a defined relationship
between reverse recovery charge and on-state voltage.

In order to achieve the highest possible active device area for the cathode and anode, resistivity and
lifetime need to be very homogeneous up to the very edge of the wafers, even after the diffusion.

2.3. Low Temperature Sintering Technology (LTS)

The Low Temperature Sintering Technology (LTS), which is based on the principle of diffusion
welding ensures, compared to a Free Floating (FF) interface, an excellent thermal contact between
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silicon and molybdenum carrier due to the metallurgical interface. Therefore the maximum operating
temperature can be raised. Surge current capability (I+sv), especially needed for HVDC applications,
as well as blocking capability (Vrrm) and long term blocking stability increase significantly [2]. This
can be proven as follows:

460 -

i 4-inch 8kV Light Triggered Thyristors have
been purposely tested to destruction in order to
evaluate the maximum blocking capability. The

. device (Fig. 3) had been exposed to a very high

m repetitive reverse voltage stress for severa
wi asisaen - geconds at 50 Hz and a temperature of 373 K
wean: sss330cm  before it failed. The applied voltage waveform is
el Lt composed of a base sine wave with chosen
. amplitude of 8 kV, super-imposed with a voltage
Pt \ peak of 2.2 kV and a pulse width of 300 ps. This
)/ Hot Spot / | represents a Vgry Of 10.2kV. The blocking
v current at the voltage peak reached very high

values between 2 A and 12 A.

The thyristors did not fail as one would expect in
. ) _ the junction termination region, which is outside
Fig. 3: Metallized surface of a 4-inch LTT and  of the metallized wafer and not shown in Fig. 3,
corresponding distribution of resistivity but they failed in the p-base at the end of a gate
finger. This hot spot is caused by alocal thermal runaway which is accelerated by the lack of thermal
coupling between gate finger area and the contact disc and by the reduced blocking capability in the
wafer area around the minimum of resistivity.

To confirm this very high reverse blocking voltage capability, about 1800 devices of 4-inch 8 kV LTTs
were stressed successfully with a repetitive peak reverse voltage Vgrw Of 9.6 KV@RT and
10.0kV@373 K, in both cases with a base sine wave of 8.0kV. The test period was 6s, which
corresponds to a number of 300 surge voltage pulses.

This outstanding periodic blocking voltage capability can only be reached by means of LTS
technol ogy, where the whole wafer including the junction termination is bonded with the molybdenum
carrier and therefore the power loss during high reverse current flow is sufficiently dissipated.

3. Pulse Peak Test

The voltage stresses for thyristor applications are determined by periodic and non-periodic voltage
stresses defined in IEC 60747 (Fig. 4a). The stress caused by the fundamental line voltage is
superimposed by periodic voltage peaks, such as commutation peaks within the converter and other
sporadic events, e.g. switching over-voltages.

In the application, the width of the peaks is only a few hundred microseconds. Nevertheless these
peaks are the major design criteria for the blocking voltage design of the thyristors because the
working voltages Vpww and Ve are typicaly in the range of only 40 % to 60 % of that peak voltage
stresses. Traditionally the established procedure is to test the maximum periodic blocking voltage of a
thyristor at 50 Hz half sine wave (10 ms) routine production-test.
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For this reason a new waveform for blocking voltage test is introduced in order to meet precisely the
requirements of the application. (Fig. 4b)

Fig. 4b as an example shows the blocking current of about 50 mA at blocking voltage of 8.0 kV, which
is the chosen amplitude of the base voltage sine wave. This base sine wave is now superimposed by a
surge voltage with higher amplitude, but with a short pulse width. The blocking current is alowed to
rise significantly which enables higher repetitive peak surge voltages Vpry and Vgrm. A very high
peak surge voltage of 9.8 kV with a pulse width of e.g. 300 psis reached.

Some thyristor manufacturers use a 60% fundamenta sine wave (10 ms) to test their devices.
However, to ensure a high level of inherent voltage withstand capability, which is especialy present
when using press pack LTS devices, a higher level of e.g. 80 % of the new defined pulse peak V prw OF
Vrru Values is recommended. The proposed combination of the high level fundamental sine wave and
the superimposed pulse peak stress applied during its routine test to each thyristor allows for ardiable
operation of these devices in customers applications under all relevant voltage stress conditions with a
sufficient safety margin.

Benefit for the applications: The number of series connected devices and corresponding components
and thus the overall system cost can be significantly reduced, if the blocking voltage is increased from
8 kV to 9.5 kV. The on-state losses are not increased, since the pulse peak tested devices do not use a
thicker silicon wafer.

4. Forward Recovery Protection (FRP)

A conventional thyristor is vulnerable during recovery time, because the middle p-n junction needs a
certain period of time to reach its full blocking capability. If aforward voltage pulse occurs during this
recovery time ta, the response of the thyristor depends on the amplitude, the dv/dt, the duration, and
the exact moment of the start of the voltage pulse. Most critical is the case, when large regions of the
device have fully recovered and only a small part at the main cathode areais turned on by the voltage
pulse. This may lead to current filamentation and may destroy the device. In order to avoid such a
destructive failure, HVDC thyristors are protected by an external PC-board called a Recovery
Protection Unit (RPU) that monitors the voltage across the device and generates a trigger pulse in case
of any critical events.

4.1. Integrated Forward Recovery Protection

The protection can aso be realized by an
; o integrated FRP. Two crucial measures have to be
P ‘me@ lization combined:

- Firstly, the distribution of the charge carrier
lifetime has to be modified such that it is reduced
in the main cathode area of the device compared
to the amplifying gate (AG) region (Fig. 5). This

AG structure " = cathodeshorts
(schematic),~ = -

LBOD . N
T nrislands . measure protects the initial phase of the recovery
L) P period, up to about 300ps to 400 pus after

| ] moljbdenum | commutation.

T4 Secondly, to cover the remaining time of the
recovery period, up to about 1000 s, more

> carriers must be generated or injected, e. g. by

Fig. 5: Schematic sketch of the LTT and lifetime iMPlemented phosphorus istands in the p- emitter
distribution T(r) at aradial cross section [4] of theinner AG structgre [4]. _

However, up to now it has not yet been possible
to manufacture such devices with sufficient reproducibility. Therefore, another solution has to be
found based on this principle (chapter 4.3.)

4.1. Technological Preconditions and Wafer Design for New FRP

The locally increased lifetime in the gate centre can be implemented by using a metal mask during
electron irradiation. The 2D lifetime mappings of conventional 5-inch 8kV LTT with integrated BOD
and dv/dt protection (Fig. 6a) and with the new FRP (Fig. 6b) based on a modified lifetime in the
centre of the gate are compared.
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controller and generated a varying firing order. And the asymmetry of the firing pulses
leaded to the saturation of both HV and LV converter transformer.

It is suggested that in the new UHVDC project, the transformer saturation protection switches
pole control system instead of converter control system if current controller is located at pole
level.

3 Conclusion

After analysis the reliability and related events of XSH800 project in last five years, the
following conclusion can be drawn,

(1) XSH800 project has transmitted 93900 million kWh in last five years, with a forced
energy unavailability as less as 0.0368%. It has been demonstrated that 800kV HVDC
technology is safe and efficient.

(2) The issues that affected the reliability of XSH800 project in last five years have been
properly solved, and the solutions have been introduced to the next three UHVDC projects of
BDCC. XSHB800 project served as a model of UHVDC technique and promote the rapid
develop of UHVDC projects by its excellent performance.

(3) The scheduled unavailability is quite higher than the average parameter of the HVDC
projects over the world. The primary reason is due to its long annual maintenance outage, and
the secondary reason is too many deferred outages. It is promising to improve the availability
of XSH800 by optimizing operation and maintenance policy and improving operation and
maintenance standard.

End of text
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