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Executive Summary

The HVdc System Integration Study completed under WTO DC1020 confirmed the technical feasibility of a
multi-terminal HVdc transmission system between Labrador, the Island of Newfoundland and

New Brunswick. Further, this study identified the transmission system additions required on the Island to
ensure satisfactory performance of the HVdc system for a set of predefined transmission planning criteria.

The purpose of WTO DC1210 — HVdc Sensitivity Studies was to conduct additional work identified
following the completion of WTO DC1020 — HVdc System Integration Study. The principle objectives and
scope of WTO DC1210 included the following:

1. HVdc Sensitivity Studies - Sensitivity studies to investigate whether system reconfiguration, relaxation of
the planning criteria, special protection schemes or some combination thereof will enable the removal of
the Pipers Hole synchronous condensers while facilitating acceptable system performance.

2. PSSE Model Modification - Modification of the multi-terminal PSSE model developed as part of
WTO DC1020 to reflect a potential alternate cable route through Cabot Strait and overhead line in the
Maritime provinces.

3. VSC Risk Assessment - A high level risk assessment of VSC technology for both a multi-terminal hybrid
HVdc scheme and a Labrador to Island point-to-point HVdc scheme.

4. AC/DC Line Proximity Issues - A high level identification of potential interaction issues resulting from the
location of ac and dc lines in close proximity.

5. Bipole Block Impacts - Investigation of the impact of a bipole block on the Island ac system.
HVDC Sensitivity Studies

The original DC1020 transient stability analysis found the need for a large number of synchronous
condensers to be installed on the system in order to account for the worst case fault, which is a solid three-
phase fault at Bay d’Espoir on one of the Bay d’Espoir-Pipers Hole 230 kV lines (TL202 or TL206). Specifically
it was found that 2x300 MVAR synchronous condensers are required to be in service at all times at both the
Pipers Hole and Soldiers Pond buses in order to save the system from collapse due to fast frequency decay.
This translates to 3x300 MVAR synchronous condensers installed at each station in order to account for
maintenance outages. In addition, it was found that 50% series compensation was required on both of the
230 kV lines between Bay d’Espoir and Pipers Hole. The Pipers Hole bus was included in the system to
connect a potential new refinery load (175 MW) to the Island system.

The system additions proposed by DC1020 ensured that the Island system with the HVdc converter station at
Soldiers Pond remained stable for all 230 kV bus faults without loss of load. To compare the system
performance of the two alternatives (HVdc interconnection versus isolated) on a common basis, system
additions in the HVdc case were identified in the HVdc case assuming that the system does not recover from
the worst case fault (i.e. Bay d’Espoir 230 kV three-phase fault).

PRH325967.10326, Rev. 0, Page v
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Between completion of DC1020 and this report, the certainty of the new 175 MW oil refinery became
questionable. As a result, planning associated with the integration of an HVdc interconnection for the Island
system has removed the new oil refinery from the base case.

The HVdc Sensitivity Study analysis is based on the assumption that the new refinery will not be going ahead,
and therefore the Pipers Hole bus would not exist. It is also based on the assumption that the three-phase

Bay d’Espoir fault will not be considered when determining the synchronous condenser requirements and
system upgrades. This fault is not considered in this sensitivity analysis as the intent is to determine the
system additions for the HVdc integration with system performance comparable to that of the existing system.

The principle objective of the HVdc sensitivity studies was to perform additional studies to investigate
required system additions to ensure acceptable system performance for all contingencies except the
three-phase fault at Bay d’Espoir 230 kV bus. The following points are assessed:

e The impact of splitting the 230 kV Bay d’Espoir bus such that one 230 kV circuit to Stony Brook and
Sunnyside and approximately one half the Bay d’Espoir generation is connected to each 230 kV bus with
the tie line between each station out of service.

e The impact of blocking recovery of the HVdc during the three-phase Bay d’Espoir fault with isolation of
the Avalon Peninsula load centre.

e Application of SVC technology at Sunnyside (in lieu of synchronous condensers at Pipers Hole).
¢ Installation of a third 230 kV circuit between Bay d’Espoir and Western Avalon.

e Application of two different synchronous condenser designs; one, using the original synchronous
condensers as per Manitoba Hydro’s Dorsey station (inertia constant 2.2); and two, using new high
inertia synchronous condensers based on a vertical-shaft hydro generator design (inertia constant
7.84).

Results of the study include:

e If the intent is to design the HVdc infeed system such that its performance is similar to the existing system
performance (i.e. does not survive the worst case fault), the requirements for synchronous condensers on
the Island system are reduced.

e The use of high inertia synchronous condensers showed significant improvement in system performance
over the synchronous condenser models with a lower inertia constant (2.2) used in the original DC1020
studies.

e The use of high inertia synchronous condensers would significantly reduce the size or number of
synchronous condensers that are required to be installed at Soldiers Pond. In order to meet criteria, a
single 300 MVAR high inertia synchronous condenser is sufficient, along with a 300 MVAR SVC at
Sunnyside or a new 230 kV circuit between Bay d’Espoir and Western Avalon. The results are highly
dependent on the type of synchronous condenser that is modeled. However, because loss of the Soldiers
Pond synchronous condenser becomes the worst case contingency if only a single 300 MVAR unit is

PRH325967.10326, Rev. 0, Page vi
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installed, it is recommended to have 2x150 MVAR high inertia synchronous condensers in service at all
times, which would translate to 3x150 MVAR installed to account for maintenance outages.

A preliminary evaluation was performed to assess the impact of relocating a portion of the inertia from
Soldiers Pond to Bay d’Espoir by changing out the rotor on Bay d’Espoir Unit 7 and by installing a high
inertia 150 MVAR synchronous condenser as Bay d’Espoir Unit 8. Despite the fact that the total system
inertia is very similar between the two cases, the results indicate poorer performance of the Island system
when the synchronous condensers are moved away from Soldiers Pond due to poorer performance of the
HVdc infeed.

Therefore from a technical system performance point of view, the best solution would be to have

2x150 MVAR high inertia synchronous condensers in service at Soldiers Pond at all times, hence installing
3x150 MVAR in order to account for maintenance outages. In addition to these 150 MVAR synchronous
condensers, one of the following mitigation options is also required:

e 200 MVAR SVC at Sunnyside and 50% series compensation on the two Bay d’Espoir-Sunnyside lines; or

e 230 kV line Bay d’Espoir — Western Avalon, no series compensation on this new line or on the existing
two Bay d’Espoir-Sunnyside lines.

Both of these solutions provide sufficient steady state VAR support to maintain system steady state voltages
during the 800 MW monopolar 10-minute 2.0 pu overload condition.

PSSE Model Modifications

The PSSE stability model of the three-terminal HVdc link for the Lower Churchill Project developed as part of
WTO DC1020 was modified to represent a shorter DC cable section and longer DC overhead line section
between the tap at Taylor’s Brook and the terminal at Salisbury. Specifically, the cable section between
Newfoundland and Lingan, Nova Scotia was estimated at 180 km, and the new overhead line section from
Lingan, Nova Scotia to Salisbury, New Brunswick was estimated at 475 km. The overhead line sections in
Newfoundland from Taylor’s Brook to the Gulf of St. Lawrence crossing to Nova Scotia remain unchanged.

In order to allow validation testing, the PSCAD model originally developed as part of WTO DC1020 was first
updated and the DC controls were re-tuned. These changes were implemented inside the PSSE model.
Validation testing was performed by comparing the results of the PSCAD and PSSE models for a solid and
remote three-phase fault at each of the DC terminals for the 3-terminal case, and for solid faults only for the
2-terminal cases.

Validation testing results show that the PSSE model compares well with the PSCAD model results.

VSC Risk Assessment

A high level evaluation of the use of Voltage Source Converter (VSC) technology for the LCP HVdc system
was undertaken. The objectives of the VSC Risk Assessment were to conduct a qualitative review of the

characteristics of the VSC, along with the current status and expected future developments of VSC technology
and to compare this with the technical requirements of the LCP to determine the potential suitability of VSC

PRH325967.10326, Rev. 0, Page vii
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technology to the project. The qualitative review was followed by preliminary investigations of the
performance of a VSC converter in the Island ac system.

Factors considered when performing the risk assessment included:

e State of the art of VSC technology mainly as it applies to HVdc transmission.
o  Characteristics of VSC.
e Future developments in VSC.

The review involved obtaining the most up-to-date data from the suppliers regarding the ratings and
availability of these ratings for commercial use. This was followed by comparing this information with the
technical requirements of the HVdc project. Finally, preliminary investigations using PSSE and a vendor
supplied VSC-based HVdc model were undertaken to provide some insight into the potential performance
benefits.

Key findings of the review included:

e A VSC-based system can be designed in a bipolar configuration.

e For the converters and the overhead lines, implementation of VSC at the proposed HVdc operating
voltage of 450kV, however for the XLPE cables this is not possible.

e The latest VSC technology has a current rating of 1718 amperes, which at +/-450 kV, results in a power
rating of 1547 MW per station, or 773 MW per pole. These figures are marginally less than the design
ratings at Gull Island (1600 MW for the station and 800 MW per pole). One solution is to apply two VSC
blocks in parallel per pole, however this may be an unnecessary complication. This limitation may lend
itself to make the terminal at Gull Island a conventional line commutated converter.

e The station at Soldiers Pond is rated for 800 MW which is not a problem for the current state of the art of
VSC. However, the issue here is the overload capability required at 2.0 pu even for 10 minutes and
1.5 pu continuously. This means that each pole will be rated for 800 MW for 10 minutes and 600 MW
continuously. VSC converters do not have an overload capability, therefore the station at Soldiers Pond
would have to be rated at 800 MW per pole continuously to account for the loss of a pole. With a
current rating of 1718 amperes, the pole rating at Soldiers Pond shall be 773 MW which is close to the
800 MW. The converters are the main pieces of equipment affected by such an upgraded power rating.
In principle, the normal and overload ratings are achievable at Soldiers Pond.

e The Salisbury station is rated at 800 MW and has very moderate overload requirements. Therefore this is
a straight forward application for a VSC station.

e Power reversal in a VSC station is easier than power reversal in a conventional LCC station as there is no
need for reversing switches.

e Because a VSC converter does not fail commutation during an ac fault, it is possible that the synchronous
condenser requirements of the Island system due to an ac fault would be reduced if the Soldiers Pond
terminal used VSC technology.

PRH325967.10326, Rev. 0, Page viii
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Due to the required HVdc operating voltage, the HVdc cables will most likely have to be mass
impregnated cables, the use of XPLE cables is not a likely possibility.

An inherent weakness of a VSC HVdc link is a dc line fault. During the time it takes to clear a dc line
fault, it is fed from all the ac systems connected to the dc line through the VSC diodes. As a result large
fault currents will be drawn from the ac system, however the effect will be less than a normal ac fault as
the converter transformer, phase reactors, dc smoothing reactors (if present) and any line impedance
between the location of the fault and the VSC introduce an impedance which limits the current drawn
from the ac side as well as limiting the rate of growth of the fault current. For the length of time it takes to
clear the dc line fault, the ac voltage in all connected systems will be considerably reduced. Power
infeed from the VSC is also significantly reduced while the fault is present as the power transfer in the
faulty pole is stopped and power transfer in the healthy pole is reduced due to the drop in ac voltage.
Depending on how long it takes to clear the dc line fault, the system frequency decay may or may not be
as severe as seen during the worst three-phase ac fault in the line commutated converter studies.

Based on the review, it was concluded that:

e The rating at Gull Island can be better realized using a conventional LCC technology.

e The rating at Soldiers Pond can be achieved using a VSC technology.

e The rating at Salisbury can be achieved using a VSC technology.

e The HVdc cable will most likely have to be a mass impregnated cable, even with VSC technology.

Preliminary simulations were performed using PSSE and a vendor supplied VSC model to investigate the
impact of a VSC HVdc terminal on the Island system. Results of preliminary transient stability simulations
showed an overall improvement in system performance for all ac and dc faults that were studied with fewer
synchronous condensers than required for the LCC technology.

Based on the above it was recommended that a more complete study to evaluate the use of VSC technology
for the Soldiers Pond terminal be undertaken.

AC/DC Line Proximity Issues

A qualitative review of issues related to the application of HVdc and ac transmission lines within a common
right-of-way was prepared. Use of the existing right-of-way would require that the HVdc line run in close
proximity to the ac lines on separate structures, use a common structure, or require the direct burial of the ac
lines with the HVdc line running on top on its own structure.

A number of articles are available on the subject of the interactions of HVdc and ac transmission lines located
in close proximity to each other. Some papers consider the interactions between lines located within a
common right-of-way but installed on separate towers while others consider hybrid configurations (HVdc and
ac lines on a common tower).

Very few hybrid lines (HVdc and ac conductors on the same tower) have been built. One example is the
National HVdc project in India which was an experimental project where one circuit of an existing double

PRH325967.10326, Rev. 0, Page ix
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circuit 220 kV ac line was converted to an HVdc line. The HVdc line initially operated as a monopole with a
dc voltage of 100 kV and a power transfer capability of 100 MW.

HVdc and ac lines on separate structures in close proximity within the same right-of-way is more common.
Examples of this include the Hydro Quebec — New England HVdc line, the Nelson River HVdc lines in
Manitoba, and the Tian-Guang HVdc line in China. In these cases the HVdc lines run in close proximity to
HVac lines on separate structures for a portion of the overall HVdc line length.

When considering locating HVdc and ac lines in close proximity it is necessary to consider the effects of the
ac circuit on the dc circuit and vice versa; under both steady state and transient conditions. In addition,
consideration must be given to the physical implementation of such a system.

Key findings of the review included:

e When an HVdc transmission line is situated in close proximity to a parallel ac transmission line, steady-
state induction effects lead to a power frequency current flowing in the HVdc line. The coupling of an ac
fundamental component onto the HVdc system can have the following impacts:

* Converter transformer saturation and harmonic generation;
¢ Increased ac and dc filter component ratings;

¢ Converter transformer loss of life due to increased heating;
* Increased audible noise;

* Potential impacts on HVdc control and protection;

¢ Potential impacts on transformer protection; and

¢ Increase in neutral point voltage.

Possible mitigation includes the application of fundamental frequency blocking filters in order to reduce the
magnitude of the fundamental frequency component current flowing within the dc system and the
application of modulation functions to the HVdc controls.

e The proximity between conductors energized with ac and HVdc voltages causes changes in conductor
surface gradients and the electrical environment in the vicinity of the lines. Corona and both the ac and
dc electric field effects may be impacted. Calculation of conductor surface gradients is more complex
than for individual ac or HVdc lines.

e Transient events include both ac and dc faults and controlled changes of the HVdc operating point and
can have the following impacts:

+ Overvoltages on the HVdc line due to ac and dc faults;

¢ Fundamental frequency coupling from the ac line to the HVdc line can interfere with the clearing of
dc line faults and result in longer clearing times;

PRH325967.10326, Rev. 0, Page x
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¢ HVdc pole to ground faults can have an appreciable impact on ac current; ac system protections may
need to be reviewed in order to avoid false operation;

¢ Operation in ground return mode has the potential to cause large zero sequence transients in ac lines
due to transients in the HVdc ground return circuit such as the switch from metallic return to ground
return operation. The transition of the HVdc system from normal to ground return operation can
result in the incorrect operation of ac ground current detection relays; and

¢ A fault between a conductor in the HVdc and ac line can result in a severe stress on the ac system
which must be mitigated. Clearing of the fault will require the operation of the ac circuit breakers and
operation of the HVdc line fault detection.

Based on the available literature and current industry experience it was concluded that:

e The use of a hybrid line with the HVdc and ac conductors on a common tower may not be suitable for
the proposed line route, mainly due to the potential for a high level of interaction between the lines and
the potential for HVdc to ac conductor faults. In situations where the use of common towers would be for
very short distances, the risk of an HVdc to ac conductor fault may be acceptable; however in the case of
the proposed line route, the distance is great enough that the risk of such a fault may be a determining
factor.

e The use of HVdc and ac lines in close proximity on separate towers may be suitable if an acceptable
separation can be maintained. The suitability of this option would require detailed studies in order to
determine candidate line configurations and any required mitigation measures to ensure acceptable
performance of the integrated HVdc and ac systems. Current industry experience can be used as a
starting point for determining a potential minimum separation distance between the HVdc and ac lines.
Once this is identified the suitability of the existing right-of-way can be better assessed.

e The use of a direct buried ac cable with the HVdc on towers on the same right-of-way may be suitable
however studies would be required to determine the potential effects of HVdc ground faults on the
buried ac cable.

Bipole Block Impacts

Bipole block impact assessment study was carried out using reduced system PSS/E load flow base case with
assumptions mutually agreed with Nalcor planning staff. The objective was to investigate the impact of a
bipole block on the island ac system. In the case of a permanent bipole block, underfrequency load shedding
(UFLS) was expected to be required and the objective of the study exercise was to ensure that a portion of the
island system remains intact and stable. In this context, the existing underfrequency load shedding scheme
was reviewed and discussions with Nalcor staff were held to gain some insights for prioritizing load to shed.
Accordingly, simulations were carried out with seven different UFLS settings. Based on these simulation
results, it was concluded that:

e The NLH power system sustains the outage of HVdc bipole and the remaining islanded system stays
stable provided the existing UFLS scheme is modified to trip about 750 MW of load with appropriate
UFLS settings since the existing UFLS scheme with a provision to trip 530 MW load will not be adequate.
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Most of the load shedding occurs in the St. John’s area where load is lumped in the reduced system load
flow model.

A large amount of load needs to be shed quickly at the first UFLS step at 59.5 Hz, which could be
achieved in multiple ways. For instance, employing rate of change of frequency underfrequency relay
with pick up time of 0.08 seconds and set at 1.0 Hz/sec. In addition, Special Protection System may also
be utilized for immediate tripping of load after the outage of HVdc bipole.

e The proposed preliminary settings of the UFLS scheme(s), which are based on the reduced system model
analysis, should be further reviewed and optimized with full representation of the NLH power network.

e Voltage control study should be performed in conjunction with the detailed design of the UFLS scheme
to devise appropriate voltage control measures for avoiding voltage violations after the operation of UFLS
scheme.
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Introduction

The HVdc System Integration Study completed under WTO DC1020 confirmed the technical
feasibility of a multi-terminal HVdc transmission system between Labrador, the Island of
Newfoundland and New Brunswick. Further, this study identified the transmission system additions
required on the Island to ensure satisfactory performance of the HVdc system for a set of predefined
transmission planning criteria. These system additions include:

e Thermal uprating of 230 kV transmission lines TL202 and TL206 (Bay d’Espoir to Sunnyside).

e Rebuild of 230 kV H-frame wood transmission lines TL201 (Western Avalon to Hardwoods) and
TL203 (Sunnyside to Western Avalon).

e 50% series compensation of 230 kV transmission lines TL202 and TL206.
e Conversion of Holyrood Units 1 to 3 to synchronous condenser operation.

¢ Installation of three 300 MVAR high inertia synchronous condensers at the Soldier’s Pond
Converter Station.

e Installation of three 300 MVAR high inertia synchronous condensers at the proposed Pipers Hole
Terminal Station near Sunnyside.

e Replacement of a number of high voltage circuit breakers at Bay d’Espoir, Sunnyside, Western
Avalon and Holyrood Terminal Stations.

The study identified that the most severe contingency would be a three-phase fault on the 230 kV
bus at Bay d’Espoir. To ensure system recovery following fault clearing it was necessary to add series
compensation to 230 kV transmission lines TL202 and TL206 and to install three 300 MVAR high
inertia synchronous condensers (two in service at all times) to the Pipers Hole Terminal Station.

The purpose of WTO DC1210 — HVdc Sensitivity Studies was to conduct additional work identified
following the completion of WTO DC1020 — HVdc System Integration Study.

In order to make results available in a timely manner, a number of preliminary reports and technical
briefs have been submitted to Nalcor Energy — Lower Churchill Project (NE-LCP) during the course of
the work. Each of the preliminary reports submitted (complete with results ) are included as
appendices to this final report.

The purpose of this report is to summarize all the work undertaken as part of WTO DC1210 which
has been detailed in the preliminary reports previously submitted and provide overall conclusions
and recommendations.
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Principle Objectives and Scope of WTO DC1210

The principle objectives and scope of WTO DC1210 included the following:

1. HVdc Sensitivity Studies - Sensitivity studies to investigate whether system reconfiguration,
relaxation of the planning criteria, special protection schemes or some combination thereof will
enable the removal of the Pipers Hole synchronous condensers while facilitating acceptable
system performance.

2. PSSE Model Modification - Modification of the multi-terminal PSSE model developed as part of
WTO DC1020 to reflect a potential alternate cable route through Cabot Strait and overhead line
in the Maritime provinces.

3. VSC Risk Assessment - A high level risk assessment of VSC technology for both a multi-terminal
hybrid HVdc scheme and a Labrador to Island point-to-point HVdc scheme.

4. AC/DC Line Proximity Issues - A high level identification of potential interaction issues resulting
from the location of ac and dc lines in close proximity.

5. Bipole Block Impacts - Investigation of the impact of a bipole block on the Island ac system.
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HVdc Sensitivity Studies

The original DC1020 transient stability analysis found the need for a large number of synchronous
condensers to be installed on the system in order to account for the worst case fault, which is a solid
three-phase fault at Bay d’Espoir on one of the Bay d’Espoir-Pipers Hole 230 kV lines (TL202 or
TL206). Specifically it was found that 2x300 MV AR synchronous condensers are required to be in
service at all times at both the Pipers Hole and Soldiers Pond buses in order to save the system from
collapse due to fast frequency decay. This translates to 3x300 MVAR synchronous condensers
installed at each station in order to account for maintenance outages. In addition, it was found that
50% series compensation was required on both of the 230 kV lines between Bay d’Espoir and
Pipers Hole. The Pipers Hole bus was included in the system to connect a potential new refinery
load (175 MW) to the Island system.

The worst case three-phase fault on the existing isolated Island system is a three-phase fault on the
230 kV bus at Holyrood. At best, assuming the boilers at Holyrood thermal generating station survive
the upset caused by the fault, the system would see approximately 250 MW of load shed as a result
of the fault. At worst, complete loss of Holyrood plant due to the fault would result in up to 500 MW
of load shed — in essence, the entire Avalon Peninsula. Dual primary protection on the 230 kV
system ensures all faults are cleared in 6 cycles (maximum). As a result, faults at the 230 kV level are
cleared as quickly as possible given the existing equipment to ensure angular stability is maintained.
It is understood that given the fault location on the 230 kV system, there may be some loss of local
load due to voltage sag and post fault recovery voltages. Beyond the issues associated with the loss of
Holyrood, loss of paper machines due to voltage dip and loss of refiner motors due to angular
instability can be expected. By comparison, the system additions proposed by DC1020 ensured that
the Island system with the HVdc converter station at Soldiers Pond remained stable for all 230 kV
bus faults without loss of load. To compare the system performance of the two alternatives (HVdc
interconnection versus isolated) on a common basis, system additions in the HVdc case were
identified in the HVdc case assuming that the system does not recover from the worst case fault

(i.e. Bay d’Espoir 230 kV three-phase fault).

Between completion of DC1020 and this report, the certainty of the new 175 MW oil refinery
became questionable. As a result, planning associated with the integration of an HVdc
interconnection for the Island system has removed the new oil refinery from the base case.

The HVdc Sensitivity Study analysis is based on the assumption that the new refinery will not be
going ahead, and therefore the Pipers Hole bus would not exist. It is also based on the assumption
that the three-phase Bay d’Espoir fault will not be considered when determining the synchronous
condenser requirements and system upgrades. This fault is not considered in this sensitivity analysis
as the intent is to determine the system additions for the HVdc integration with system performance
comparable to that of the existing system.
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Objectives of the HVdc Sensitivity Studies

The principle objective of the HVdc sensitivity studies was to perform additional studies to
investigate required system additions to ensure acceptable system performance for all contingencies
except the three-phase fault at Bay d’Espoir 230 kV bus. The following points are assessed:

e The impact of splitting the 230 kV Bay d’Espoir bus such that one 230 kV circuit to Stony Brook
and Sunnyside and approximately one half the Bay d’Espoir generation is connected to each
230 kV bus with the tie line between each station out of service.

e The impact of blocking recovery of the HVdc during the three-phase Bay d’Espoir fault with
isolation of the Avalon Peninsula load centre.

e Application of SVC technology at Sunnyside (in lieu of synchronous condensers at Pipers Hole).
¢ Installation of a third 230 kV circuit between Bay d’Espoir and Western Avalon.

e Application of two different synchronous condenser designs; one, using the original synchronous
condensers as per Manitoba Hydro’s Dorsey station (inertia constant 2.2); and two, using new
high inertia synchronous condensers based on a vertical-shaft hydro generator design
(inertia constant 7.84).

The study was to assess system performance assuming:

e The three-phase fault at Bay d’Espoir was not considered.
e The new refinery load and Pipers Hole station did not exist.

e No synchronous condensers would be installed at Pipers Hole as the station will not exist.

Power Flow Cases and Procedures for the HVdc Sensitivity Studies

Several of the worst faults were simulated for the scenario in which the refinery load and the

Pipers Hole synchronous condensers as well as the Holyrood combustion turbines (CTs) were all
removed from service. The transient stability analysis was performed on the future peak load flow
case (approximately 1625 MW Island load without the refinery). The following power flow variations
were tested:

e 800 MW bipolar infeed at Soldiers Pond, economic dispatch at Bay d’Espoir.

e 800 MW bipolar infeed at Soldiers Pond, maximum generation dispatch at Bay d’Espoir.

e 600 MW monopolar infeed at Soldiers Pond, maximum generation dispatch at Bay d’Espoir.

Two main system topologies were tested to determine the Soldiers Pond synchronous condenser
requirements:

e Additional VAR support at Sunnyside in the form of an SVC.

e A third 230 kV circuit between Bay d’Espoir and Western Avalon.
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The number of synchronous condensers and other system upgrades as determined from the findings
of the transient stability analysis were verified for the 800 MW monopolar future peak power flow
case to ensure that the steady state system VAR requirements and steady state voltages are still within
criteria for the 10-minute 2.0 pu HVdc overload case.

The above analysis was performed for two types of synchronous condensers:

e 300 MVAR, inertia constant of 2.2 (Manitoba Hydro, MIL type).

e 300 MVAR, inertia constant of 7.84 | vertical shaft hydro generator type).

Synchronous Condenser Types for the HVdc Sensitivity Studies

The original transient stability analysis was performed using the machine models for the 300 MVAR
MIL synchronous condensers at Manitoba Hydro’s Dorsey station. These machines have an inertia
constant of 2.2

NE-LCP discovered that makes a very high inertia synchronous condenser based on vertical
shaft hydro generator design. These machines have an inertia constant of 7.84 which is more than
three times that of the Manitoba Hydro machines.

Since inertia is the major system issue driving the need for the large synchronous condenser
requirement, a sensitivity analysis was performed using these very high inertia machines to observe
improvements in system performance.

Results of the HVdc Sensitivity Studies

It was found that the system performance of the 800 MW bipolar case was worse than the 600 MW
monopolar case, and the maximum Bay d’Espoir dispatch scenario was worse than the economic
Bay d’Espoir dispatch scenario. This makes sense as the issue is one of lost power, therefore the more
power that is lost during the fault (i.e. from Bay d’Espoir generating station and from the HVdc
infeed), the worse the impact to system frequency. The results presented in this report correspond to
these worst case conditions, i.e. 800 MW bipolar infeed, maximum Bay d’Espoir dispatch.

Ignoring the three-phase fault at Bay d’Espoir, the next worst case fault is a three-phase fault at
Sunnyside on one of the Sunnyside-Bay d’Espoir lines. Also, depending on the number of
synchronous condensers in service at Soldiers Pond, a three-phase fault at Soldiers Pond followed by
tripping of a Soldiers Pond synchronous condenser can be a determining case if only one
synchronous condenser is in service prior to the fault.

A significant improvement in system performance was obtained with the high inertia

synchronous condensers. The results indicate that the main issue with system performance is one of
inertia. To demonstrate this point, the inertia value of the synchronous condensers was
changed in the dynamics model from 7.84 to 2.0. The results with the lower inertia value indicate
poorer system performance than the high inertia case and were similar to results provided by the
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Manitoba Hydro synchronous condensers. Therefore, it can be concluded that it is in fact the large
inertia of the machines that is improving system performance.

Sunnyside SVC

Without the installation of synchronous condensers at Pipers Hole, the Sunnyside bus requires
dynamic voltage support in the form of an SVC. The rating of this SVC depends on the system
configuration and the type of Soldiers Pond synchronous condenser being studied.

Using the original 2.2 inertia machines at Soldiers Pond, it was found that 2x300 MVAR are required
to be in service at all times. In addition to this, a 400 MVAR SVC plus a 100 MVAR capacitor is
required to meet the 0.7 pu transient undervoltage criteria at Sunnyside for a fault at Sunnyside on
one of the Sunnyside-Bay d’Espoir lines for the maximum Bay d’Espoir dispatch case.

Using the high inertia machines at Soldiers Pond, it was found that only 1x300 MVAR
machine was needed, along with a 200 MVAR SVC at Sunnyside. However if there is only one
synchronous condenser at Soldiers Pond, a fault at Soldiers Pond that would trip this machine
becomes the limiting case. Either a larger SVC is required at Sunnyside (300 MVAR), or

2x150 MVAR synchronous condensers need to be in service in order to leave at least 1x150 MVAR
connected if the fault trips a synchronous condenser.

The Bay d’Espoir fault is still unstable for both synchronous condenser/SVC solutions.

The 800 MW monopolar 10-minute 2.0 pu overload case was verified to ensure sufficient steady
state VAR support to maintain system steady state voltages.

New 230 kV Circuit: Bay d’Espoir-Western Avalon

Without the installation of synchronous condensers at Pipers Hole and without the addition of an
SVC at Sunnyside, a new 230 kV circuit between Bay d’Espoir and Western Avalon was tested. The
system response and the need for series compensation on this line and on the two existing 230 kV
lines between Bay d’Espoir and Sunnyside depended on the system configuration and the type of
Soldiers Pond synchronous condensers being studied.

Using 2x300 MVAR of the original 2.2 inertia machines at Soldiers Pond, without series
compensation on the new line, the Sunnyside transient undervoltage dips to 0.66 pu following a fault
at Sunnyside on one of the Sunnyside-Bay d’Espoir lines. If the new 230 kV line is built with 50%
series compensation, this Sunnyside voltage dip improves to 0.73 pu.

Using the high inertia machines with only 1x300 MVAR in service at Soldiers Pond, the
system is stable and meets criteria even without any series compensation on the Bay d’Espoir-
Sunnyside lines or on the new Bay d’Espoir-Western Avalon line. However, the Sunnyside voltage
begins to dip slightly below 0.7 pu. If the 50% series compensation is installed on the two existing
Bay d’Espoir-Sunnyside lines there is an improvement in the system response. However in this case
because there is only one synchronous condenser at Soldiers Pond, a fault at Soldiers Pond that
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would trip this machine becomes the limiting case. Instead, 2x150 MVAR synchronous condensers
need to be in service in order to leave at least 1x150 MVAR on-line if a fault trips the other
synchronous condenser.

The Bay d’Espoir fault is still unstable for both synchronous condenser options. However, because
such good performance was obtained with the high inertia synchronous condensers, the three-phase
Bay d’Espoir fault was re-visited using the high inertia synchronous condensers. It was found that in
order to design the system to survive a three-phase fault at Bay d’Espoir, the only option that
recovered within criteria was a case with the new 230 kV circuit between Bay d’Espoir and Western
Avalon. If this new circuit plus the two circuits between Bay d’Espoir and Sunnyside are 50% series
compensated, AND if 2x300 MVAR high inertia synchronous condensers are in service at
Soldiers Pond (which means 3x300 MVAR would be installed to account for maintenance outages),
the system is able to recover from a three-phase fault at Bay d’Espoir.

The 800 MW monopolar 10-minute 2.0 pu overload case was verified to ensure sufficient steady
state VAR support to maintain system steady state voltages with 1x300 MVAR synchronous
condenser at Soldiers Pond.

Bay d’Espoir Three-Phase Fault

In an attempt to lessen the impact of a three-phase fault at Bay d’Espoir on overall system
performance, the 230 kV Bay d’Espoir bus was split such that one 230 kV circuit to Stony Brook and
Sunnyside and approximately one half the Bay d’Espoir generation is connected to each 230 kV bus
with the tie line between each station out of service. A three-phase fault on one of the Bay d’Espoir-
Sunnyside lines was applied. The system response was not substantially improved. The Sunnyside
transient voltage improved slightly but the Bay d’Espoir voltage degraded slightly and no reduction in
equipment requirements was observed.

Next, a special protection system was tested which blocked the recovery of the HVdc and isolated
the Avalon Peninsula load centre. Based on the analysis it appears that remaining generation on the
Western portion of the Island cannot control the island frequency; at 5 seconds into the simulation
the frequency of the islanded system is up to near 65 Hz. Without some careful generation
crosstripping and/or staged overfrequency protection, it does not appear that Island system will settle
to a frequency that is within criteria.

However, if the new 230 kV circuit between Bay d’Espoir and Western Avalon is built and if this
new circuit plus the two circuits between Bay d’Espoir and Sunnyside are 50% series compensated,
AND if 2x300 MVAR high inertia synchronous condensers are in service at Soldiers Pond
(which means 3x300 MVAR installed to account for maintenance outages), the system is able to
recover from a three-phase fault at Bay d’Espoir within criteria.

Impact of Inertia Relocation

Having determined that the requirement for additional system inertia could be met by continuously
operating 2x150 MVAR high inertia synchronous condensers at Soldiers Pond, a preliminary
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evaluation of relocating a portion of the required inertia addition was completed. Unit 7 at
Bay d'Espoir is a 172 MVA machine with a relatively low inertia due to the rotor's floating rim
design.

Change out of the Unit 7 rotor would result in an increase in unit inertia. Further, basic provisions
were completed for the addition of a Unit 8 at Bay d'Espoir during the construction of Unit 7. As a
result, the Bay d'Espoir site offers a potential location for the required system inertia increase. To
investigate the impact of relocating inertia away from Soldiers Pond, it was assumed that the

Bay d'Espoir Unit 7 rotor was changed out resulting in an increase in the unit's inertia from 3.883 to
7.766 (doubled), and that a high inertia generator was installed as Bay d’Espoir Unit 8 operating at
150 MW. Given that there is no additional water available at Bay d’Espoir generating station for
increased energy production, Units 1 and 2 were shutdown. In addition, Unit 2 was also tested as a
synchronous condenser. The analysis assumed that only 1x150 MVAR high inertia synchronous
condenser was operating at all times at Soldiers Pond.

Results of the analysis indicate somewhat worse performance with a portion of the inertia moved
away from Soldiers Pond. This is likely due to the fact that the performance of the HVdc is not as
good with fewer synchronous condensers nearby. It was found that in order for this system
configuration to be stable for all faults, 50% series compensation is required on the two existing
230 kV Bay d’Espoir-Sunnyside lines (TL202 and TL206) as well as on the new 230 kV Bay d’Espoir-
Western Avalon line. If the series compensation is removed from the Bay d’Espoir-Western Avalon
line the system becomes unstable for a fault at Sunnyside on one of the Bay d’Espoir-Sunnyside lines
(TL202 or TL206) and is very near a second commutation failure for a three-phase fault at

Soldiers Pond on the 150 MVAR synchronous condenser.

The original Bay d’Espoir system configuration with 2x150 MVAR high inertia synchronous
condensers operating at Soldiers Pond did not require series compensation on any of these three
lines.

The 800 MW monopolar 10-minute 2.0 pu overload case was verified to ensure sufficient VAR
support to maintain the steady state system voltages with only 1x150 MVAR synchronous condenser
operating at Soldiers Pond. The Soldiers Pond synchronous condenser is producing maximum
reactive power of 150 MVAR during the 10 minute 2.0 pu overload condition. It is unable to hold
the voltage setpoint of 1.0284 pu as was used in all of the studies, however the voltage at

Soldiers Pond is still maintained at 1.018 pu, with voltages at Sunnyside dropping to 1.005 pu and
Bay d’Espoir to 1.0264 pu. All system voltages are within criteria, however, despite being slightly
lower than in the normal system intact 800 MW bipolar case.

Conclusions of the HVdc Sensitivity Studies

If the intent is to design the HVdc infeed system such that its performance is similar to the existing
system performance (i.e. does not survive the worst case fault), the requirements for synchronous
condensers on the Island system are reduced. It must be noted that failure of the HVdc infeed system
for the worst case fault is expected to result in system wide collapse as opposed to loss of
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approximately 500 MW in the existing system. The main issue in the Island system with the HVdc
infeed is lack of inertia and resulting frequency decay due to faults which cause the HVdc infeed to
fail commutation; the nearer the fault location to Bay d’Espoir generating station, the more power
temporarily lost and the more severe the system frequency decay.

A new synchronous condenser model with a very high inertia constant (7.84) was tested. The high
inertia machine showed significant improvement in system performance over the synchronous
condenser models with a lower inertia constant (2.2) used in the original DC1020 studies.

It was found that without synchronous condensers at Pipers Hole, either an SVC at Sunnyside or a
new 230 kV circuit between Bay d’Espoir and Western Avalon will provide acceptable system
performance for all contingencies except the three-phase fault at Bay d’Espoir. The results are highly
dependent on the type of synchronous condenser that is modeled.

The high inertia synchronous condensers would significantly reduce the size or number of
synchronous condenser that are required to be installed at Soldiers Pond. In order to meet criteria for
a fault at Sunnyside on one of the Bay d’Espoir-Sunnyside lines, a single 300 MVAR high inertia
synchronous condenser is sufficient, along with a 300 MVAR SVC at Sunnyside or a new 230 kV
circuit between Bay d’Espoir and Western Avalon.

However, because loss of the Soldiers Pond synchronous condenser becomes the worst case
contingency if only a single 300 MVAR unit is installed, it is recommended to have 2x150 MVAR
high inertia synchronous condensers in service at all times, which would translate to 3x150 MVAR
installed to account for maintenance outages. The added benefit to a synchronous condenser rating
of 150 MVAR is that it would match the Holyrood synchronous condenser ratings and their spare
transformer.

Therefore from a technical system performance point of view, the best solution would be to have
2x150 MVAR high inertia synchronous condensers in service at Soldiers Pond at all times, therefore
installing 3x150 MVAR in order to account for maintenance outages. In addition to these 150 MVAR
synchronous condensers, one of the following mitigation options is also required:

e 200 MVAR SVC at Sunnyside and 50% series compensation on the two Bay d’Espoir-Sunnyside
lines; or

e 230 kV line Bay d’Espoir — Western Avalon, no series compensation on this new line or on the
existing two Bay d’Espoir-Sunnyside lines.

Both of these solutions provide sufficient steady state VAR support to maintain system steady state
voltages during the 800 MW monopolar 10-minute 2.0 pu overload condition. Approximately
200 MVAR is required in steady state from the Soldiers Pond synchronous condensers to maintain
the 1.0284 pu voltage setpoint that was used in the studies.
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Because such good performance was obtained with the high inertia synchronous condensers, the
three-phase Bay d’Espoir fault was re-visited. It was found that in order to design the system to
survive a three-phase fault at Bay d’Espoir, the only option that recovered within criteria was a case
with the new 230 kV circuit between Bay d’Espoir and Western Avalon. If this new circuit plus the
two circuits between Bay d’Espoir and Sunnyside are 50% series compensated, AND if 2x300 MVAR
high inertia synchronous condensers are in service at Soldiers Pond (which means

3x300 MVAR installed to account for maintenance outages), the system is able to recover within
criteria from a three-phase fault at Bay d’Espoir.

A preliminary evaluation was performed to look at the impact of relocating a portion of the inertia
from Soldiers Pond to Bay d’Espoir by changing out the rotor on Bay d’Espoir Unit 7 and by installing
a high inertia 150 MVAR synchronous condenser as Bay d’Espoir Unit 8. The analysis was performed
with only 1x150 MVAR high inertia synchronous condenser operating at Soldiers Pond instead of
2x150 MVAR. Despite the fact that the total system inertia is very similar in both cases, the results
indicate poorer performance of the Island system when the synchronous condensers are moved away
from Soldiers Pond due to poorer performance of the HVdc infeed. This system configuration as
studied would require the addition of the 230 kV circuit between Bay d’Espoir and Western Avalon
with 50% series compensation, as well as 50% series compensation on the two Bay d’Espoir —
Sunnyside 230 kV lines. If even the series compensation from the new Bay d’Espoir — Western
Avalon line is removed the system becomes unstable for a fault at Sunnyside on one of the

Bay d’Espoir lines (TL202 or TL206), and in addition the HVdc infeed is on the verge of a second
commutation failure for a three-phase fault on the Soldiers Pond synchronous condenser.
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PSSE Model Modification

The original DC1020 transient The original WTO DC1020 transient stability analysis assumed a
multi-terminal HVdc system with a 480 km cable connection between Newfoundland and New
Brunswick across the Cabot Strait. A major task of the WTO was the development of a multi-terminal
HVdc model for future PSSE studies. As part of WTO DC1210, NE-LCP requested that the PSSE
model developed as part of DC1020 be modified to include a shorter cable between Newfoundland
and Nova Scotia along with a new HVdc overhead transmission line from Nova Scotia to

New Brunswick.

The PSSE stability model of the three-terminal HVdc link for the Lower Churchill Project has been
modified to represent a shorter dc cable section and longer dc overhead line section between the tap
at Taylor’s Brook and the terminal at Salisbury. Specifically, the cable section between
Newfoundland and Lingan, Nova Scotia is estimated at 180 km, and the new overhead line section
from Lingan, Nova Scotia to Salisbury, New Brunswick is estimated at 475 km. The overhead line
sections in Newfoundland from Taylor’s Brook to the Gulf of St. Lawrence crossing to Nova Scotia
remain unchanged.

Objectives of the PSSE Model Modification

The objectives of the PSSE Model Modification was to modify the PSSE stability model of the three-
terminal HVdc link for the Lower Churchill Project to represent a shorter dc cable section and longer
DC overhead line section between the tap at Taylor’s Brook and the terminal at Salisbury.
Specifically, the cable section between Newfoundland and Lingan, Nova Scotia is estimated at

180 km, and the new overhead line section from Lingan, Nova Scotia to Salisbury, New Brunswick is
estimated at 475 km. The overhead line sections in Newfoundland from Taylor’s Brook to the Gulf of
St. Lawrence crossing to Nova Scotia remain unchanged.

The PSSE multi-terminal HVdc model was modified and validated to be capable of operating in
bipolar or monopolar modes for the following HVdc configurations:

e 3-terminal: Gull Island - rectifier, Soldiers Pond — inverter, Salisbury — inverter

e 2-terminal: Soldiers Pond - rectifier, Salisbury — inverter

e 2-terminal: Salisbury — rectifier, Soldiers Pond — inverter

The validation testing for the monopolar configuration was performed using the 3-terminal HVdc
configuration.

Power Flow Test Case

For the 3-terminal HVdc configuration, the PSSE model validation was performed using an
equivalent test system representing power flow case BC1-DC1: rated bipolar operation with
Gull Island as rectifier and Soldiers Pond and Salisbury as inverters (3-terminal).
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The validation testing case was performed in an equivalent test system using the following system
strengths:

e Gulllsland — 4654 MVA <87 deg
e Soldiers Pond — 3305 MVA <74.1 deg
e Salisbury — 3949 MVA <76 deg

The above systems strengths represent a weak configuration at Gull Island, one 150 MVAR
synchronous condenser in service at Soldiers Pond (Xd’’ = 0.165 pu) and one 125 MVAR
synchronous condenser in service at Salisbury (Xd”’ = 0.165 pu) based on information from
previously completed studies.

For the 2-terminal HVdc configurations, the PSCAD model had previously been set up using
equivalent test systems, however the PSSE models that were readily available for these power flow
configurations had been set up to use an equivalent source at the Salisbury terminal and the reduced
version of the Newfoundland system PSSE model for the Soldiers Pond terminal. This difference in
test systems results in slightly different ac voltage response for the 2-terminal test cases, however the
response (especially of the HVdc quantities) very closely matches the PSCAD model and therefore
still provides validation of the PSSE model.

Procedure and Results

The PSCAD model was first updated and the dc controls were re-tuned. These changes were
implemented inside the PSSE model. Validation testing was performed by comparing the results of
the PSCAD and PSSE models for a solid and remote three-phase fault at each of the dc terminals for
the 3-terminal case, and for solid faults only for the 2-terminal cases.

Validation testing results show that the PSSE model compares well with the PSCAD model results.
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VSC Risk Assessment

Previous studies that have been performed on the proposed Lower Churchill Project considered the
application of conventional Line Commutated Converter (LCC) technology. These studies found that
the main issue in the Newfoundland Island system is lack of inertia and the resulting system
frequency decay due to three-phase ac faults which cause the HVdc converter to fail commutation;
the nearer the ac fault location to the Bay d’Espoir generating station, the more power that is
temporarily lost during the ac fault and subsequent commutation failure and the more severe the
system frequency decay. This situation resulted in the need for a large number of high inertia
synchronous condensers to be installed along with the HVdc infeed in order to save the Island
system from frequency decay and system-wide collapse.

Because a Voltage Source Converter (VSC) does not fail commutation during an ac fault, it is possible
that if the Soldiers Pond terminal used VSC technology the synchronous condenser requirements of
the Island system due to an ac fault would be reduced. In order to determine the viability of VSC a
high level risk assessment of VSC technology was undertaken. The risk assessment was
complemented by a number of cursory evaluations of the performance of a VSC converter in the
Island ac system.

Objectives of the VSC Risk Assessment

The objectives of the VSC Risk Assessment were to conduct a qualitative review of the characteristics
of the VSC, along with the current status and expected future developments of VSC technology, and
to compare this with the technical requirements of the LCP to determine the potential suitability of
VSC technology to the project. The qualitative review was followed by preliminary investigations of
the performance of a VSC converter in the Island ac system.

Methodology of the VSC Risk Assessment

The following factors were considered when performing the risk assessment:

e Review of the state of the art of VSC technology mainly as it applies to HVdc transmission.
e Review of the characteristics of VSC.
e Review of the future developments in HVdc.

The review involved obtaining the most up to date data from the suppliers regarding the ratings and
availability of these ratings for commercial use. This was followed by comparing this information
with the technical requirements of the HVdc project. Finally, preliminary investigations using PSSE
and a vendor supplied VSC based HVdc model were undertaken to provide some insight into the
potential performance benefits.
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VSC Technology Review
Current State of the Art of VSC Technology

The VSC technology for HVdc power transmission applications is advancing quickly, from the start of
a very moderate rating of 3 MW in 1997 which was demonstrated in the Hellsjén project to the
present rating of 400 MW in Transbay Cable Project to be in service in 2010. Currently HVdc using
VSC technology can be at a rating of 1100 MW and +/- 320 kV with an overhead line. The current
projection indicates that a full bipole at +/- 640 kV dc and 2200 MW is achievable.

Commercially the VSC technology is marketed by two of the leading suppliers of HVdc under two
trade names:

e HVdc Light
e HVdc Plus

In the beginning, the application of VSC in HVdc was always tied to its connection to an HVdc
cable, because during a dc fault in a VSC scheme, currents from the ac side feed through the bi-
directional converter valves into the dc fault and cannot be cleared until the main ac breaker is
tripped, unlike conventional LCC HVdc in which the ac side does not contribute to the dc fault due
to the uni-directional valves. This means that during a dc fault on a VSC, the whole converter must
be tripped in order to clear the fault, therefore automatic re-starting is not an option. Since cable
applications do not usually offer a restart as a fault on the cable is almost always a permanent fault,
this limitation was not an issue for the VSC.

Since a VSC converter does not control fault currents for faults occurring on the dc side it was always
promoted as a complete solution with cables.

Since the VSC maintains a constant dc voltage regardless of direction, reversal of power direction in
a VSC HVdc system does not require the polarity reversal of the dc voltage, and so the use of a more
cost effective cross-linked polyethylene (XLPE) cable in conjunction with VSC is widespread.

Recently, for the Caprivi HVdc interconnector in Namibia, VSC technology was applied to an
overhead line. This project is rated at 300 MW at 350 kV and with an in-service date in 2009. There
is a provision to add a second pole to this link in the future to operate as an integrated bipole. Using
high-speed HVdc circuit breakers, in the event of a dc fault, the fault can be cleared quickly on the
dc side leaving the converters in service for a restart.

Operating Experience of VSC HVdc Stations

The current major VSC based HVdc systems are listed in the table below.
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Table 4.1
VSC Based HVdc Systems Currently in Operation or Under Construction

Scheme Rating Voltage VSC Converter
MW kV Type
Cross Sound 330 +/- 150 3 level
Murray Link 220 +/- 150 3 level
Direct Link 180 +/- 80 2 level
Gotland 50 +/- 60 2 level
Est link 150 150 2 level
Caprivi * 300 350 2 level
Transbay 400 +/- 200 Multi-level

* First project with overhead line, it is to be expanded to a 600 MW bipole.

The operating statistics of HVdc systems are collected and analyzed by Cigre Working Group B4-04.
However, so far none of the existing VSC based HVdc systems have reported their operating
experiences. But there have not been any major reliability issues with these systems and from the
discussions with one of the operating companies of a VSC HVdc link, it has been running smoothly
and successfully.

Comparison between the Features of VSC and LCC Technology

In order to draw any conclusions regarding the application of a VSC for the multi-terminal
Lower Churchill HVdc transmission project, it is important to compare the VSC and the LCC
converters as presented in the table below.
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Comparison

LCC

VSC

Semi-conductor device

Thyristors currently 6 inch,
8.5 kV and 6000 A. No
controlled turn off capability.

IGBTs with anti-parallel free-
wheeling diode, with controlled
turn-off capability.

DC transmission voltage with a
cable

Up to 500 kV.

Up to +/- 300 kV currently limited
by HVdc cable if extruded XLPE
cable is used.

dc transmission voltage with an
overhead line

Up to +/- 800 kV.

Up to +/- 640 kV.

DC power

Currently in the range of
6000 MW per bipolar system.

Currently up to 1100 MW and
projected to increase to 2200 MW.

Reactive power requirements

Consumes up to 60% of its rating
reactive power.

Does not consume any reactive
power and each terminal can
independently control its reactive
power.

Filtering Requires large filter banks. Requires moderate size filter banks
or no filters at all.
Black start Limited application. Capable of black start and feeding

passive loads.

AC system short circuit level

Critical in the design.

Not critical at all.

Commutation failure
performance

Fails commutation for ac
disturbances.

Does not fail commutation.

Overload capability

Available if designed for up to
any required design value.

Does not have any overload
capability.

Application with overhead
lines

Can be applied and dc line faults
can be cleared by converter
control.

Can be applied but dc line faults are
cleared by trip of ac breaker, or the
use of a dc circuit breaker. Currently
one application of overhead line. It
has mostly been applied with cables.

Small taps

Not economic and affects the
performance.

Economic and should improve the
performance.

Load rejection over voltage

Large and has to be mitigated
because of the large reactive
power support.

Not large because of small size of
filters if required.

DC line to ground faults

Little effect on ac system with
proper overload capacity.

During the time it takes to clear the
fault from the ac side, reactive power
will be drawn. However the impact
is less than a regular ac fault.
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Future of VSC Technology in HVdc

It is clear that VSC technology will expand over the next few years. The latest IGBT turn-off current
rating of 1718 amperes will certainly increase in the future. This turn-off current rating is the major
determining factor for the rating of a single converter. The dc voltage also has an impact on the
rating. However, dc voltage is only a limitation for the XLPE cables and not for overhead lines or the
mass impregnated cables. Currently ratings of up to 1100 MW are being quoted.

One other factor to be considered is the overload capability of the VSC which is currently non-
existent.

Application of VSC in Multi-Terminal HVdc Systems

There are two potential applications of VSC to a multi-terminal HVdc system:

e The complete system is realized through the use of VSC. In this configuration the total power
transmission capability is limited by the current rating of the VSC converters which is tied to the

turn-off current rating of the IGBTs. For power reversal there is no need to reverse the voltage and
therefore, unlike the LCC based system, there is no need for extra switching equipment.

e The second approach would be a hybrid configuration, where the main strong system high rating
converters are realized using LCC and the weak system small tap converter using VSC. This
solution achieves the high rating of the main HVdc link and a robust converter for the small tap,
weak ac system. The VSC is immune to commutation failures, and hence, the overall system
performance is improved.

Application of VSC to the LCP

Basic Requirements

Characteristics of the proposed LCP HVdc link are summarized as:

e Bipolar, three-terminal HVdc link
¢ Nominal voltage: +/- 450 kV (at rectifier)
e Nominal converter ratings:
¢ Gull Island - 1600 MW
¢ Soldiers Pond — 800 MW
+ Salisbury - 800 MW
e A high overload capability at Soldiers Pond (2.0 pu) in the event of a loss of a pole
¢ Moderate overload at Salisbury (10-15%)

* A combination of overhead line and cables
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*  Power reversal of all terminals

A comparison between the basic requirements and the current state of the art of VSC technology
would provide a good indication whether VSC technology should be considered for the project.

4.4.1.1 Bipolar Configuration

A VSC-based system can be designed in a bipolar configuration. In fact the Caprivi project is
designed as a bipolar system although for the first phase only one pole is supplied. Therefore it can
operate in both bipolar and monopolar.

4.4.1.2 DC voltage of 450 kV

For the converters and the overhead lines, implementation of VSC at this voltage is posible. In fact
according to the suppliers a dc voltage higher than 450 kV is possible. However, for the XLPE cable
this is not possible. Therefore, a mass impregnated cable would have to be used.

4.4.1.3  Station Rating at Gull Island

The latest VSC technology has a current rating of 1718 amperes, which at +/-450 kV, results in a
power rating of 1547 MW per station, or 773 MW per pole. These figures are marginally less than
the design ratings at Gull Island (1600 MW for the station and 800 MW per pole).

One solution is to apply two VSC blocks in parallel per pole, however this may be an unnecessary
complication.

This limitation may lend itself to make the terminal at Gull Island a conventional line commutated
converter.

4.4.1.4 Station Rating at Soldiers Pond

The station at Soldiers Pond is rated for 800 MW which is not a problem for the current state of the
art of VSC. However, the issue here is the overload capability required at 2.0 pu even for 10 minutes
and 1.5 pu continuously. This means that each pole will be rated for 800 MW for 10 minutes and
600 MW continuously.

VSC converters do not have an overload capability, therefore the station at Soldiers Pond would have
to be rated at 800 MW per pole continuously to account for the loss of a pole. With a current rating
of 1718 amperes, the pole rating at Soldiers Pond shall be 773 MW which is close to the 800 MW.
The converters are the main pieces of equipment affected by such an upgraded power rating.

In principle the normal and overload ratings are achievable at Soldiers Pond.

4.4.1.5 Station Rating at Salisbury

The station is rated at 800 MW and has very moderate overload requirements. Therefore this is a
straight forward application for a VSC station.
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Power Reversal

Power reversal in a VSC station is easier than power reversal in a conventional LCC station as there is
no need for reversing switches.

The Requirements for Synchronous Condensers for the Project

The transient stability analysis that has been performed on the HVdc infeed using LCC technology
found that the main issue in the Island system is a lack of inertia and the resulting system frequency
decay due to three-phase ac faults which cause the HVdc converter to fail commutation. The nearer
the ac fault location to the Bay d’Espoir generating station, the more power that is temporarily lost
during the ac fault and subsequent commutation failure and the more severe the system frequency
decay. This situation resulted in the need for a large number of high inertia synchronous condensers
to be installed along with the HVdc infeed in order to save the Island system from frequency decay
and system-wide collapse.

AC Faults

Because a VSC converter does not fail commutation during an ac fault, it is possible that if the
Soldiers Pond terminal used VSC technology the synchronous condenser requirements of the Island
system due to an ac fault would be reduced. Unless the three-phase ac fault is directly on the
terminals of the VSC, even at reduced terminal voltage during a three-phase fault elsewhere in the
Island system (e.g. during a three-phase fault at Bay d’Espoir), the VSC will still be able to feed a
reduced amount of power to the Island system during the fault. In addition, the VSC will likely be
able to recover faster than the LCC infeed once the ac fault is cleared. Both of these factors suggest
that the frequency decay seen during the LCC stability studies due to an ac fault may not be as severe
and therefore the need for synchronous condensers may be reduced.

DC Faults

An inherent weakness of a VSC HVdc link is a dc line fault. During the time it takes to clear a dc line
fault, it is fed from all the ac systems connected to the dc line through the VSC diodes. As a result
large fault currents will be drawn from the ac system, however the effect will be less than a normal
ac fault as the converter transformer, phase reactors, dc smoothing reactors (if present), and any line
impedance between the location of the fault and the VSC introduce an impedance which limits the
current drawn from the ac side as well as limiting the rate of growth of the fault current. For the
length of time it takes to clear the dc line fault, the ac voltage in all connected systems will be
considerably reduced. Power infeed from the VSC is also significantly reduced while the fault is
present as the power transfer in the faulty pole is stopped and power transfer in the healthy pole is
reduced due to the drop in ac voltage. Depending on how long it takes to clear the dc line fault, the
system frequency decay may or may not be as severe as seen during the worst three-phase ac fault in
the line commutated converter studies.

Currently there are two VSC designs available for the application of HVdc. In both designs in a
bipolar arrangement with grounded midpoint, the anti-parallel diodes conduct to feed the dc line
fault as shown in the figure below. Under these circumstances, the IGBTs are bypassed and are
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unable to extinguish the fault current. In earlier applications in which the VSC converters were
applied in conjunction with HVdc cables, the assumption was that a fault on the cable is rare and the
cable does not recover from such a fault and therefore the ac circuit breaker (S) is tripped and not
automatically reclosed. However, with the application of VSC to overhead line combined with the
fact that dc line faults are more frequent and are considered to be able to recover from (as opposed
to cable faults), a sequence of ac and dc breaker tripping and reclosing is applied to clear the dc line
fault and restart the VSC HVdc overhead line. In LCC converters, a dc line fault is cleared by
applying deionization attempts without the movement of any mechanical devices.

Prd

T

Figure 4.1 — VSC Converter with ac and dc Breakers

Based on information provided by one of the VSC suppliers, the dc line fault clearing sequence for
converters connected pole-neutral operates as follows (timings are sequential, cumulative and
approximate):

e dc line fault detection + 10 ms (to be conservative);

e open ac and dc breakers at all stations connected to the faulted pole +50 ms after fault detection.
The ac breaker clearing time of +50 ms removes the fault current source, the dc breaker clearing
breaks the dc line current transient to begin the deionization time;

e dc line fault deionization time + 250 ms;

e close ac breakers with damping circuit to re-energize converters + 100 ms;
e close dc breakers to re-energize dc line pole + 50 ms;

e deblock converters to restart the power flow + 30 ms;

e total time = 490 ms.

It is assumed that the VSC design of the other supplier would use a similar method to clear a dc line
fault.
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Preliminary Simulation Study using VSC technology

In order to evaluate the performance of the Island system and the need for synchronous condensers,
further stability analysis with a VSC converter at Soldiers Pond would be required to analyze both ac
and dc faults.

A preliminary transient stability evaluation of VSC technology was performed using PSSE in order to
get an idea of how the Island system would perform if the Soldiers Pond HVdc infeed used a VSC
converter instead of a line-commutated converter. Several of the expected worst-case faults were
simulated with varying amounts of synchronous condensers operating at Soldiers Pond to see if it
might be possible to reduce or eliminate the need for synchronous condensers on the Island system
with a VSC infeed.

Power Flow Case

The transient stability analysis was performed on the future peak load flow case (approximately
1625 MW Island load without the refinery) with maximum generation dispatched at Bay d’Espoir.
The 230 kV Bay d’Espoir-Sunnyside lines (TL202 and TL206) were modeled with 50% series
compensation. No other system upgrades were modeled (e.g. SVCs or new lines) in the evaluation,
with the exception of varying amounts of synchronous condensers at Soldiers Pond. All synchronous
condensers at Holyrood were in service.

VSC model in PSSE

A vendor-supplied VSC model for PSSE was used in the transient stability analysis. For the sake of
simplicity during this preliminary evaluation, the VSC HVdc link was modeled as a two-terminal link
from Gull Island to Soldiers Pond rather than a three-terminal link. There should not be significant
impact in making this simplification as far as the Island system performance is concerned.

The vendor-supplied VSC model is not yet programmed and tested to operate in the bipolar
overhead line configuration. However, for the purposes of this preliminary evaluation, the VSC
model as it is (i.e. intended to represent cable installations) was used with minor modifications to
emulate the bipolar overhead line configuration that would be applicable in the Lower Churchill
Project.

In order to account for the 2.0 pu 10-minute overload requirement of the Soldiers Pond terminal,
each pole of the VSC link must be capable of carrying the full 800 MW for 10 minutes. As a VSC
does not have an inherent overload capability, each pole must be rated for the full 800 MW in case
of an outage of the other pole.

The closest VSC rating (bipolar overhead line configuration) to what would be required for the
Lower Churchill Project that is currently available from one VSC vendor is +/- 640 kV 1518 MVA
(1.186 kA). It is realized that this dc voltage is too high for the Lower Churchill Project, however this
is the MVA rating closest to what is required and for purposes of preliminary evaluation it is not
expected that it will have a significant impact on the dynamic performance of the system.
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Of the monopolar cable configurations readily available in the vendor-supplied VSC model package,
the closest is one rated for 796 MVA at +/- 320 kV dc. Therefore, the bipolar VSC link was emulated
by putting two of these 796 MVA VSC models between Gull Island and Soldiers Pond for a total
MVA rating of 1592 MVA.

After approximating the losses associated with the VSC link, 750 MW was injected at the

Soldiers Pond bus. It must be noted however that losses will be largely impacted by dc voltage and
the actual VSC converter rating that would be installed. It is assumed for this preliminary analysis that
losses will not greatly impact the dynamic performance.

With each pole operating at 375 MW, or 0.5 pu, the VSC reactive power capability per pole at this
operating point is approximately +374/-398 MVAR.

It should be noted that if operating closer to 1.0 pu power (i.e. when one pole is out of service), the
reactive capability of the VSC is greatly reduced to approximately +60/-220 MVAR, which would
affect the system performance.

Contingencies

The transient stability analysis of the bipolar VSC infeed was evaluated for the following fault
conditions:

100 ms, 3Ph fault at BDE cleared by tripping one of BDE-SSD lines;

e 100 ms, 3Ph fault at SSD cleared by tripping one of BDE-SSD lines;

e 100 ms, 3Ph fault at SP cleared by tripping one of SP-WAV lines;

e 100 ms, 3Ph fault at SP cleared by tripping one of 150 MVA synchronous condensers;

e DC Pole fault.

Simulation Results

It was found that with the Soldiers Pond infeed modeling VSC technology, all simulations were stable
and the post-fault voltages were within acceptable limits for all of the contingencies considered
without any synchronous condensers operating at Soldiers Pond and without any new synchronous
condensers elsewhere in the Island system (with the exception of the Holyrood machines running as
synchronous condensers).

The 3-phase fault at Bay d’Espoir on one of the Bay d’Espoir (BDE) — Sunnyside lines (SSD) (TL202 or
TL206) was the worst-case fault in the studies involving the line commutated converter because this
fault resulted in temporary loss of the Bay d’Espoir generation, a simultaneous commutation failure at
Soldiers Pond, and a subsequent temporary loss of the HVdc power infeed which resulted in a severe
decay in system frequency. Using VSC technology at Soldiers Pond means that the HVdc power will
still be available during this Bay d’Espoir fault because a VSC does not fail commutation and can
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continue to inject power at reduced ac voltage. Therefore this fault is no longer as significant an issue
with the VSC.

The dc pole-ground fault results in the total loss of one pole for 500 ms. Even without modeling any
frequency control on the other pole (i.e. to pick up the slack of the faulted pole), the system response
is stable and within criteria.

If the entire power were lost from both poles for 500 ms, the system would require 2x150 MVA
synchronous condensers in order to recover from this fault. This would be in the very rare case of a
pole-pole fault, assuming the VSC could even recover from such a fault.

Discussion of VSC Simulation Results

The voltage source converter (VSC) option for the Lower Churchill Project has shown good transient
stability performance of the system for the expected worst contingencies that were studied. The 50%
series compensation on the two Bay d’Espoir-Sunnyside lines (TL202 and TL206) has been included
in the power flow case considered. In addition, all Holyrood machines were modeled in service. The
following conclusions can be made based on the preliminary analysis.

e The bipolar VSC link (modeled as 2 x 796 MVA) has shown good performance for the expected
worst contingencies that were considered without any new synchronous condensers installed in
the Island system. The system has also recovered well from a dc pole fault. Further, the post-fault
transient undervoltages were within the required transient undervoltage criteria. The VSC as rated
in this evaluation (i.e. 2x796 MVA) provides an additional advantage that the system could be
operated at full power continuously during a single-pole failure.

The ability of the VSC to continue to provide power to the Island during reduced ac voltage (because
it does not fail commutation) allows the large system frequency decays to be avoided. In addition,
the large reactive power capability of the VSC (especially when operating near 0.5 pu power) assists
in system voltage recovery following faults. Both of these facts provide a significant advantage to the
Island system performance compared to the line-commutated converter technology.

Conclusions of the VSC Risk Assessment

This high level evaluation of the VSC converters for the HVdc system showed the following:

¢ The rating at Gull Island can be better realized using a conventional LCC technology.
e The rating at Soldiers Pond can be achieved using a VSC technology.
e The rating at Salisbury can be achieved using a VSC technology.

e The HVdc cable will most likely have to be a mass impregnated cable, even with VSC
technology.
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e HVdc cable will still be a mass impregnated cable.

e Results of preliminary transient stability simulations showed an overall improvement in system
performance for all ac and dc faults that were studied with fewer synchronous condensers than
required for the LCC technology.

Based on the above, it is recommended that a more complete study to evaluate the use of VSC
technology for the Soldiers Pond terminal be undertaken.
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Review of AC and DC Line Proximity Issues
Background of the Review of AC and DC Line Proximity Issues

A qualitative review of issues related to the application of HVdc and ac transmission lines within a
common right-of-way was prepared. Use of the existing right-of-way would require that the HVdc
line run in close proximity to the ac lines on separate structures, use a common structure, or require
the direct burial of the ac lines with the HVdc line running on top on its own structure.

A number of articles are available on the subject of the interactions of HVdc and ac transmission
lines located in close proximity to each other. Some papers consider the interactions between lines
located within a common right-of-way but installed on separate towers [1, 2, 3, 4], while others
consider hybrid configurations (HVdc and ac lines on a common tower) [5, 6, 71.

Very few hybrid lines (HVdc and ac conductors on the same tower) have been built. One example is
the National HVdc project in India which was an experimental project where one circuit of an
existing double circuit 220 kV ac line was converted to an HVdc line [8]. The HVdc line initially
operated as a monopole with a dc voltage of 100 kV and a power transfer capability of 100 MW.

HVdc and ac lines on separate structures in close proximity within the same right-of-way is more

common. Examples of this include the Hydro Quebec — New England HVdc line, the Nelson River
HVdc lines in Manitoba, and the Tian-Guang HVdc line in China. In these cases the HVdc lines run
in close proximity to HVac lines on separate structures for a portion of the overall HVdc line length.

HVdc and AC Line Interactions

When considering locating HVdc and ac lines in close proximity it is necessary to consider the
effects of the ac circuit on the dc circuit and vice versa; under both steady state and transient
conditions. In addition, consideration must be given to the physical implementation of such a
system.

In general it can be stated that as the HVdc line is located closer to the ac line and the coupled
section length increases, the HVdc and ac line interactions are more pronounced.

Steady State Effects

AC/DC Coupling

When an HVdc transmission line is situated in close proximity to a parallel ac transmission line,
steady-state induction effects lead to a power frequency current flowing in the HVdc line. The
coupling of an ac fundamental component onto the HVdc system can have the following impacts:

e Converter Transformer Saturation and Harmonic Generation - A fundamental frequency current
flowing on the dc side of the converter will be seen as a second harmonic and a dc component in
the converter transformer ac system side winding. A dc component in the ac system side winding
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of the converter transformer can lead to half cycle saturation which results in the generation of a
broad spectrum of harmonics into both the ac and dc systems [1, 4].

e AC and DC Filter Design - The harmonics resulting from the saturation of the converter
transformers pose difficulties in design of both the ac and dc filters, requiring increased filter
component ratings. Additional harmonics may also lead to increased interference on telephone
communication systems.

e Converter Transformer Loss of Life - Increased heating of the converter transformer must be
accounted for in order to avoid loss of life.

¢ Increased Audible Noise - Converter transformer audible noise levels may be substantially higher
than usual.

¢ HVdc Control and Protection — An ac component on the dc side may affect the control and
protection scheme of the HVdc system including the measurement devices used.

¢ Transformer Protection — Transformer protection may be affected by the increased harmonics.
e Neutral Point Voltage Increase — The neutral point voltage impacts equipment insulation levels.

Possible mitigation includes the application of fundamental frequency blocking filters in order to
reduce the magnitude of the fundamental frequency component current flowing within the dc system
and the application of modulation functions to the HVdc controls.

Corona and Field Effects

The proximity between conductors energized with ac and HVdc voltages causes changes in
conductor surface gradients and the electrical environment in the vicinity of the lines. Corona and
both the ac and dc electric field effects may be impacted. Calculation of conductor surface gradients
is more complex than for individual ac or HVdc lines. In general, when HVdc and ac lines are
placed in close proximity they interact to produce levels of corona and electric field effects which
depart from the simple superposition of the effects of the two lines acting separately [2].

Transient Events

Transient events include both ac and dc faults and controlled changes of the HVdc operating point.
Transient events can have the following impacts:

e Overvoltages on the HVdc line due to ac and dc Faults — The voltage induced on the HVdc

system as a result of a fault on the ac system can generate lightly damped fundamental frequency
overvoltages, excite resonance conditions in the ac and dc systems, and cause dc currents to flow
in the converter transformers. If fundamental frequency blocking filters are used in the HVdc
system then faults on the converter ac system can result in a fundamental frequency oscillation in
this tuned filter resulting in a significant fundamental frequency overvoltage [6]. The application
of an arrestor across the blocking filter is required in order to limit the neutral point voltage.

e Delayed dc Fault Clearing — Fundamental frequency coupling from the ac line to the HVdc line

interferes with the clearing of dc line faults [7]. Even though the dc current in the arc fault can be
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brought to zero by the HVdc controls, fundamental frequency secondary arc current can delay
the clearing of the fault.

Impact of HVdc Faults on ac Lines — HVdc pole to ground faults can have an appreciable impact
on ac current. AC system protections may need to be reviewed in order to avoid false operation.

Controlled Changes in HVdc Operating Point — Controlled changes in HVdc operating point
include both controlled power order changes and changes in operating mode such as normal
bipolar operation to ground return. Controlled power order changes will result in a change in dc
current which in turn will impact the ac current in a similar fashion to a dc line fault. Operation in
ground return mode has the potential to cause large zero sequence transients in ac lines due to
transients in the HVdc ground return circuit such as the switch from metallic return to ground
return operation [9, 10]. The transition of the HVdc system from normal to ground return
operation can result in the incorrect operation of ac ground current detection relays.

Faults between the HVdc and ac Lines — A fault between a conductor in the HVdc and ac line can
result in a severe stress on the ac system which must be mitigated. Clearing of the fault will
require the operation of the ac circuit breakers and operation of the HVdc line fault detection.
Most HVdc systems with overhead lines include an automatic restart in the event of dc line faults.
In the event of a permanent fault between the HVdc conductor and the ac conductor, the ac
conductor would remain charged up to the full dc voltage following the HVdc restart. This could
pose a hazard to both personnel and equipment and suitable measures would have to be taken to
avoid the potential for such a situation [6].

Physical Considerations

Physical considerations include the following:

Aesthetics — Tower configuration for hybrid HVdc and ac line configuration will be determined
partially by the required clearances between the HVdc conductors, ac conductors, the tower, and
ground.

Live Line Maintenance — Live line maintenance procedures will have to be modified to account
for HVdc and ac conductors on a common tower.

Impact of Tower Failure — The impact of a tower failure in the case of HVdc and ac lines on a
common tower must be considered.

Identification of Issues and Mitigation

In order to clearly identify the issues which arise from the alternate line route for the Lower Churchill
Project and determine suitable mitigation measures, a two part study is required.

The first part of the study should address the physical line parameters and configuration in order to
ensure acceptable corona and field effects for the proposed transmission line route. It is estimated
that such a study would take approximately three (3) months to complete.
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The second part of the study should address the steady state and transient performance issues in
order to provide sufficient information required for the design of the HVdc and its control and
protection systems. It is estimated that such a study would take approximately two (2) months to
complete. It should be noted that the second part of the study can only be undertaken once a likely
candidate line configuration had been identified.

Additional studies would be required to ensure that existing ac system protections are adequate, or
whether modifications would be required

Technical Opinion

Based on the available literature and current industry experience, the use of a hybrid line with the
HVdc and ac conductors on a common tower may not be suitable for the proposed line route,
mainly due to the potential for a high level of interaction between the lines and the potential for
HVdc to ac conductor faults. In situations where the use of common towers would be for very short
distances, the risk of an HVdc to ac conductor fault may be acceptable; however in the case of the
proposed line route, the distance is great enough that the risk of such a fault may be a determining
factor.

The use of HVdc and ac lines in close proximity on separate towers may be suitable if an acceptable
separation can be maintained. The suitability of this option would require detailed studies in order to
determine candidate line configurations and any required mitigation measures to ensure acceptable
performance of the integrated HVdc and ac systems. Current industry experience can be used as a
starting point for determining a potential minimum separation distance between the HVdc and ac
lines. Once this is identified the suitability of the existing right-of-way can be better assessed.

The use of a direct buried ac cable with the HVdc on towers on the same right-of-way may be
suitable however studies would be required to determine the potential effects of HVdc ground faults
on the buried ac cable.
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Bipole Block Impacts
Objectives of Bipole Block Study

The primary objective was to investigate the impact of a bipole block on the island ac system. It is
recognised that a bipole block can be temporary or permanent. In the case of a temporary block,
caused by such an event as a dc line pole to pole to ground fault, it is likely that both, or at least one
pole will successfully restart and re-establish all or part of the HVdc in-feed. In the case of a
permanent bipole block, underfrequency load shedding was expected to be required and the
objective of the study was to ensure that a portion of the island system remains intact. The study
focused on the impacts of a permanent bipole block and the goal was to identify a portion of the
system which can remain intact to allow system restoration. In this context, the existing
underfrequency load shedding (UFLS) scheme was reviewed and discussions with Nalcor staff were
held to gain some insights for prioritizing load to shed.

Preparation of Load Flow Base Case for Bipole Block Study

Naclor advised Hatch to use one of the sensitivity study load flow base cases with some
modifications for assessing Bipole Block impacts. Accordingly, a new load flow base case was
prepared based on the following assumptions:

A new 230 kV transmission line from Bay d’Espoir (BDE) - Western Avalon (WAV) is in service.

e There is no series compensation on the two Bay d’Espoir-Sunnyside lines (TL202, TL206), or the
new BDE-WAV line.

e TL202 and TL206 are thermally upgraded. New thermal ratings are 341.8 MVA at 30 °C,
402.4 MVA at 15 °C, and 453.8 MVA at 0 °C.

e TL201 and TL203 are rebuilt. New thermal ratings are 355.8MVA at 30 °C, 411.5 MVA at 15 °C,
and 459.6 MVA at 0 °C. It is assumed that other line parameters have not changed.

e Two (plus one spare) high-inertia, 150-MVAR synchronous condensers are in service at
Soldiers Pond. The condensers are rated for +150/-83 MVAR with a Zsource of 0.165 pu. Power
transformers for the syncs are rated for 150 MVA and have an impedance of
0.0012 + j0.0582 pu.

e Three Holyrood units are online as sync condensers.

e Voisey's Bay Nickel Smelter is in service. Load is 80 MW; connected to the system via two OLTC
transformers.

e The Abitibi Paper Mill in Grand Falls is no longer in service. The 10 MW mill load connected to
the 230 kV system at Stony Brook 230 kV bus #216 has been removed, while generating units
remain online to provide 60 MW for the system. This assumes a new configuration at Grand Falls
which adds a 18 MW plant at Bishop's Falls, a 25 MW G4 at Grand Falls, a 30 MW G9 at
Grand Falls and four 5 MVA machines at Grand Falls. The net impact of loss of the paper mill is
additional hydro generation injection into the NLH system. The four 5 MVA machines were
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assumed off-line however, the other machines were considered online with a total 60 MW
dispatch. The corresponding dynamic data for the Grand Falls machines were added to the
dynamic data file of the reduced model.

e Grand Falls Transformer T2 has been set to Tap Position 1 as per the latest notice from NLH
System Operations.

e No SVC at Sunnyside.
e 800 MW bipolar HVDC infeed.

The corresponding load flow diagram is shown in Appendix E.

Descriptions of Existing and Modified Underfrequency Load Shedding (UFLS)
Schemes

Table 6.1 summarizes existing UFLS settings and corresponding load shedding levels in different
load pockets/areas. Names and brief descriptions of these load pockets are also included in the table.
The magnitude of loads can be correlated to the load buses in the detailed load flow base case and
these loads can be tripped by implementing UFLS dynamic data as per the existing settings.

However, loads in the reduced load flow base case are lumped at a smaller set of load buses and
their correlation to the existing UFLS scheme cannot be established directly, except at a few load
buses that are common to both the base cases. In addition, it should be recognized that the existing
UFLS scheme, as shown in Table 6-1, is designed to trip about 530 MW in all frequency step settings
but this amount of load shedding will not be adequate for the loss of 800 MW infeed through HVdc
bipole. Therefore a new UFLS scheme had to be devised for the purpose of this bipole block study.
Accordingly, Table 6-2 below presents a modified UFLS scheme, which is loosely related to the
existing UFLS scheme and it also caters to the additional amount of load shed required in the event
of bipole block. The intent of this modified UFLS scheme was not to optimize the UFLS scheme at
this stage but to provide a starting point for assessing the impact of bipole block on the future NLH
system.
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DFDT at

59.0 Hz

Shedding (MW)

Description of Loads 595 Hz | (15 se0) 58.8 | 58.6 | 58.4 58.2 58.1 | 58.0 Total
DOMESTIC
NP - Total Load Shedding
(MW) 482
NP - Glendale 0.6 29+ 29+
Hz/sec
NP - Greenhill and
4 4
King's Bridge 0 0
NP - Massey Drive
(Walbournes) 40 40
NP - Molloy's Lane 43 43
NP —'Grand Falls and 50 50
St. John's
NP - Ridge Rd,
Glendale and Molloy's 31+29* 31+29%
Lane
NP - Pepperrell, Pulpit
Rock, Stamps Lane and 90 90
Gander
NP - Massey Drive
(Humber), St. John's Main,
Hardwoods, Ridge Rd, 159 159
Glendale, King's Bridge,
Bishop's Falls
NLH - Total Load Shedding
(MW) 31
NLH - St.Albans 6 6
NLH - Burgeo 6 6
NLH - Rocky Harbour 6 6
NLH - Hermitage 13 13
INDUSTRIAL
Deer Lake Power
Corner Brook 15 15
Total System ~Peak Load | »gs 40 | 55 | 49 | 56 | 66 | 103|159 | 528
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Table 6.2

Underfrequency Load Shedding Scheme in Base Scenario

suso. | it Y | T | rivamn |t | T | Facton
335 196.44 58.8 0.1 0.2 58 0.1 0.3
334 283.00 58.4 0.1 0.18 58 0.1 0.36
349 31.86 58.2 0.1 1 0 0 0
204 41.70 58.6 0.1 1 0 0 0
603 5.00 58.4 0.1 1 0 0 0
115 89.6 58.1 0.1 1 0 0 0
111 38.2 58.2 0.1 1 0 0 0
224 6.2 59 15 1 0 0 0
225 5.00 59 15 1 0 0 0
359 13.3 59 15 1 0 0 0
371 11.00 59 15 1 0 0 0
221 21.1 58.6 0.1 0.29 58.1 0.1 0.61
223 110.4 58.8 0.1 0.6 0 0 0

6.4 Adequacy Assessment of the Modified UFLS Scheme

Seven test cases were simulated with different settings of the modified UFLS scheme for assessing
adequacy of the proposed scheme(s). The objective of this analysis was to investigate effectiveness of
each of the proposed UFLS schemes in maintaining stability of the NLH power system after the
outage of HVdc bipole. Description of these test cases and the corresponding modifications to the
UFLS schemes are noted in Table 6-3 below. The corresponding stability plots are shown in
Appendix E.

The simulation results for the first four test cases show that the NLH system does not remain stable
for the loss of HVdc bipole due to inadequate and slow response of the selected UFLS schemes. The
results of test Case 5 show that the NLH system stays stable after the bipole block since a major
portion of load is shed at 10 cycles following the loss of HVdc bipole. Table 6-4 summarizes the
amount of load shed at different frequency steps, tripping times and the corresponding frequency
values at which load shedding occurred. Due to heavy load shedding, voltage at OPD 66 kV bus
rises above the acceptable limit and needs to be controlled by employing appropriate remedial
measures; for instance, tripping the capacitors at that bus along with the tripping of load. However,
the intent of this exercise was not to perform a voltage control study since the main focus was to
assess the timing and the amount of load shedding required to sustain the outage of HVdc bipole.

The test Case 6 represents shedding a large amount of load at 59.2 Hz with normal pick up and
tripping times involved in the typical UFLS schemes. The results show that these settings are not
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adequate since the system did not sustain the bipole block contingency and the NLH power system
collapsed. This is indicative of the need for immediate tripping of a large amount of load even at a
higher frequency step. Subsequently, an UFLS relay (DLSHBL model) with rate of change of
frequency feature was set for a pick up time of 0.08 seconds at 59.5Hz (df/dt = 1.0 Hz/sec) for
tripping 90% of loads at buses 334 and 335, as shown in Case 7 of Table 6-5. The results show that
the NLH power system remains stable with the proposed changes to the UFLS scheme. At the same
time, voltage at certain buses rise above the acceptable limit after the operation of UFLS scheme.
Correspondingly, appropriate voltage control measures need to devised during the detailed design of
UFLS scheme with full representation of the NLH power network.

Based on the above mentioned simulation results, it was concluded that the NLH power system can
sustain the outage of HVdc bipole and stays stable provided the existing UFLS scheme is modified to
trip about 750 MW of load with appropriate UFLS settings. The first underfrequency load shedding
step at 59.5 Hz has to be quick, which could be achieved by employing appropriate settings of rate
of change of frequency relays and utilizing other special protection systems. It is recommended that
the proposed preliminary settings of the UFLS scheme(s) should be further reviewed and optimized
with detailed representation of the NLH power network. In addition, a voltage control study should
also be carried out along with the detailed design of UFLS scheme to evaluate voltage control
measures after the operation of UFLS scheme since large amounts of loads is rejected and voltage
tend to rise under light load conditions.
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Table 6.3
Description of Different Test Cases for Under-frequency Load Shedding
(l:\la(je Description of Test Cases Remarks
01 UFLS scheme as per Table 6-2
02 UFLS at Buses 334 and 335 each changed to 50% at 58.8 Hz and
50% at 58.4 Hz
System unstable
03 UFLS at Buses 334 and 335 each changed to 50% at 59.2 Hz and
50% at 58.8 Hz
UFLS at Buses 334 and 335 changed to 95% and 90%, respectively,
04 at 59.2 Hz. Pick up time for UFLS at buses 224, 225, 359 and 371
changed to 0.1 sec from 15-sec.
After 10 cycles, loads at buses 334 (283 MW) and 335 (196.4 MW) zystfom r?igl\?o?tit o
05 dropped to 19.64 MW and 19.81 MW, respectively. cgEtroﬁ measuresgneed
Pick up time for UFLS at buses 224, 225, 359 and 371 changed to .
to be implemented at
0.1 sec from 15-sec.
selected buses
UFLS at Buses 334 and 335 changed to 95% and 90%, respectively,
06 at 59.2 Hz. Pick up time at Buses 334 and 335 set at 0.08 sec. Pick Svstern unstable
up time for UFLS at buses 224, 225, 359 and 371 set at 0.1 sec from Y
15-sec.
System stable but
DLSHBL models at Buses 334 and 335 for a DFDT setting at 0.6 appropriate voltage
07 Hz/sec. First pick up time 0.08 sec at 59.5 Hz. Dropped 90% load control measures need
at each bus to be implemented at
selected buses
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Table 6.4

Load Shedding Observed in Case-5

Bus No. Pick-up Frequency Load Shed Operating Frequency

Time (s) (Hz) [%] [MW] Time (s) (Hz)

335 10-Cycle - - 176.59 10-cycle 58.40
334 10-Cycle - - 263.36 10-cycle 58.40
335 0.1 58.8 20%* 3.96 1.104 58.51
334 0.1 58.4 18%* 3.54 1.533 58.29
349 0.1 58.2 100% 31.85 1.971 58.10
204 0.1 58.6 100% 41.70 1.271 58.52
603 0.1 58.4 100% 5.00 1.608 58.26
115 0.1 58.1 100% 89.60 1.975 58.05
111 0.1 58.2 100% 38.20 1.829 58.06
224 0.1 59 100% 6.20 0.800 58.88
225 0.1 59 100% 5.00 0.800 58.88
359 0.1 59 100% 13.30 0.800 58.88
371 0.1 59 100% 11.00 0.800 58.88
221 0.1 58.6 29% 6.12 1.250 58.48
221 0.1 58.1 61% 12.87 2.104 58.09
223 0.1 58.8 60% 66.24 1.096 58.56

Notes:

-

Block HVDC and shunt capacitors

2. After 10 cycles, loads at buses 334 (283 MW) and 335 (196.4 MW) dropped to 19.64
MW and 19.81 MW, respectively

Total load drop/shed = 774.53 MW

4. %age of remaining load (Note 2).

w
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Table 6-5

Load Shedding Observed in Case-7

Bus No. P.ick-up Frequency Load Shed O;?erating Frequency

Time (s) (Hz) [%] [MW] Time (s) (Hz)

335 0.08 59.5 90% 176.80 0.300 58.52
334 0.08 59.5 90% 254.70 0.300 58.53
349 0.1 58.2 100% 31.85 1.767 58.16
204 0.1 58.6 100% 41.70 0.933 58.48
603 0.1 58.4 100% 5.00 1.617 58.24
115 0.1 58.1 100% 89.60 1.892 57.97
111 0.1 58.2 100% 38.20 1.825 57.98
224 0.1 59 100% 6.20 0.838 58.70
225 0.1 59 100% 5.00 0.838 58.70
359 0.1 59 100% 13.30 0.838 58.70
371 0.1 59 100% 11.00 0.838 58.70
221 0.1 58.6 29% 6.12 1.167 58.50
221 0.1 58.1 61% 12.87 1.908 58.06
223 0.1 58.8 60% 66.24 0.904 58.67

Notes:

1. Block HVDC and shunt capacitors
2. DILSHBL models at buses 334 and 335 for DFDT setting at 0.6 Hz/sec. First pick up

time 0.08 sec at 59.5 Hz.
3. Total under-frequency load shedding = 758.58 MW
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Conclusions and Recommendations

WTO DC1210 included a number of various activities — the results of which have been presented in
the individual descriptions above. The following conclusions and recommendations are made.

HVdc Sensitivity Studies

If the intent is to design the HVdc infeed system such that its performance is similar to the existing
system performance (i.e. does not survive the worst case fault), the requirements for synchronous
condensers on the Island system are reduced.

The use of high inertia synchronous condensers showed significant improvement in system
performance over the synchronous condenser models with a lower inertia constant (2.2) used in the
original DC1020 studies.

The use of high inertia synchronous condensers would significantly reduce the size or number of
synchronous condensers that are required to be installed at Soldiers Pond. In order to meet criteria, a
single 300 MVAR high inertia synchronous condenser is sufficient, along with a 300 MVAR SVC at
Sunnyside or a new 230 kV circuit between Bay d’Espoir and Western Avalon. The results are highly
dependent on the type of synchronous condenser that is modeled. However, because loss of the
Soldiers Pond synchronous condenser becomes the worst case contingency if only a single

300 MVAR unit is installed, it is recommended to have 2x150 MVAR high inertia synchronous
condensers in service at all times, which would translate to 3x150 MVAR installed to account for
maintenance outages.

Therefore from a technical system performance point of view, the best solution would be to have
2x150 MVAR high inertia synchronous condensers in service at Soldiers Pond at all times, hence
installing 3x150 MVAR in order to account for maintenance outages. In addition to these 150 MVAR
synchronous condensers, one of the following mitigation options is also required:

e 200 MVAR SVC at Sunnyside and 50% series compensation on the two Bay d’Espoir-Sunnyside

lines; or

e 230 kV line Bay d’Espoir — Western Avalon, no series compensation on this new line or on the

existing two Bay d’Espoir-Sunnyside lines.

Both of these solutions provide sufficient steady state VAR support to maintain system steady state
voltages during the 800 MW monopolar 10-minute 2.0 pu overload condition.

A preliminary evaluation was performed to assess the impact of relocating a portion of the inertia
from Soldiers Pond to Bay d’Espoir by changing out the rotor on Bay d’Espoir Unit 7 and by installing
a high inertia 150 MVAR synchronous condenser as Bay d’Espoir Unit 8. Despite the fact that the
total system inertia is very similar between the two cases, the results indicate poorer performance of
the Island system when the synchronous condensers are moved away from Soldiers Pond due to
poorer performance of the HVdc infeed.
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PSSE Model Modification

The PSSE stability model of the three-terminal HVdc link for the Lower Churchill Project was
modified to represent a shorter dc cable section and longer dc overhead line section between the tap
at Taylor’s Brook and the terminal at Salisbury. Specifically, the cable section between
Newfoundland and Lingan, Nova Scotia was estimated at 180 km, and the new overhead line
section from Lingan, Nova Scotia to Salisbury, New Brunswick was estimated at 475 km. The
overhead line sections in Newfoundland from Taylor’s Brook to the Gulf of St. Lawrence crossing to
Nova Scotia remain unchanged.

In order to allow validation testing, the PSCAD model originally developed as part of WTO DC1020
was first updated and the dc controls were re-tuned. These changes were implemented inside the
PSSE model. Validation testing was performed by comparing the results of the PSCAD and PSSE
models for a solid and remote three-phase fault at each of the dc terminals for the 3-terminal case,
and for solid faults only for the 2-terminal cases.

Validation testing results show that the PSSE model compares well with the PSCAD model results.

VSC Risk Assessment

A high level evaluation of the use of VSC converters for the LCP HVdc system was undertaken. Key
findings of the review included:

e The rating at Gull Island can be better realized using a conventional LCC technology.

e The rating at Soldiers Pond can be achieved using a VSC technology.

¢ The rating at Salisbury can be achieved using a VSC technology.

e The HVdc cable will most likely have to be a mass impregnated cable even with VSC technology.

Preliminary simulations were performed using PSSE and a vendor supplied VSC model to investigate
the impact of a VSC HVdc terminal on the Island system. Results of preliminary transient stability
simulations showed an overall improvement in system performance for all ac and dc faults that were
studied with fewer synchronous condensers than required for the LCC technology.

Based on the above it was recommended that a more complete study to evaluate the use of VSC
technology for the Soldiers Pond terminal be undertaken.

AC/DC Line Proximity Issues

A qualitative review of potential impacts resulting from locating ac and dc lines in close proximity
was undertaken. Based on the available literature and current industry experience it was concluded
that:

e The use of a hybrid line with the HVdc and ac conductors on a common tower may not be
suitable for the proposed line route, mainly due to the potential for a high level of interaction
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between the lines and the potential for HVdc to ac conductor faults. In situations where the use of
common towers would be for very short distances, the risk of an HVdc to ac conductor fault may
be acceptable; however in the case of the proposed line route, the distance is great enough that
the risk of such a fault may be a determining factor.

The use of HVdc and ac lines in close proximity on separate towers may be suitable if an
acceptable separation can be maintained. The suitability of this option would require detailed
studies in order to determine candidate line configurations and any required mitigation measures
to ensure acceptable performance of the integrated HVdc and ac systems. Current industry
experience can be used as a starting point for determining a potential minimum separation
distance between the HVdc and ac lines. Once this is identified the suitability of the existing
right-of-way can be better assessed.

The use of a direct buried ac cable with the HVdc on towers on the same right-of-way may be
suitable however studies would be required to determine the potential effects of HVdc ground
faults on the buried ac cable.

Bipole Block Impacts

Bipole block impact assessment study was carried out using reduced system PSS/E load flow base
case with assumptions mutually agreed with Nalcor planning staff. Based on the simulation results, it
was concluded that:

The NLH power system sustains the outage of HVdc bipole and the remaining islanded system
stays stable provided the existing UFLS scheme is modified to trip about 750 MW of load with
appropriate UFLS settings since the existing UFLS scheme with a provision to trip 530 MW load
will not be adequate. Most of the load shedding occurs in the St. John’s area where load is
lumped in the reduced system load flow model.

A large amount of load needs to be shed quickly at the first UFLS step at 59.5 Hz, which could be
achieved in multiple ways. For instance, employing rate of change of frequency underfrequency
relay with pick up time of 0.08 seconds and set at 1.0 Hz/sec. In addition, Special Protection
System may also be utilized for immediate tripping of load after the outage of HVdc bipole

The proposed preliminary settings of the UFLS scheme(s), which are based on the reduced system
model analysis, should be further reviewed and optimized with full representation of the NLH
power network

Voltage control study should be performed in conjunction with the detailed design of the UFLS
scheme to devise appropriate voltage control measures for avoiding voltage violations after the
operation of UFLS scheme.
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Executive Summary

Further analysis was performed for the Lower Churchill Project (LCP) to determine the system requirements
for the HVdc infeed such that the system performance would be similar to the existing isolated system
performance.

The analysis was performed under the assumption that the three-phase fault at Bay d’Espoir (BDE) on one of
the Bay d’Espoir lines (TL202 or TL206) would not be used to determine the synchronous condenser
requirements. The analysis was also performed on the assumption that the new refinery load at Pipers Hole
would not be connected to the system.

If the intent is to design the HVdc infeed system such that its performance is similar to the existing system
performance (i.e. does not survive the worst case fault), the requirements for synchronous condensers on the
Island system are reduced. It must be noted that failure of the HVdc infeed system for the worst case fault is
expected to result in system wide collapse as opposed to loss of approximately 500 MW in the existing
isolated Island system. The main issue in the Island system with the HVdc infeed is lack of inertia and the
resulting frequency decay due to faults which cause the HVdc infeed to fail commutation; the nearer the fault
location to Bay d’Espoir Generating Station, the more power temporarily lost and the more severe the system
frequency decay.

A new synchronous condenser model with a very high inertia constant (7.84) was tested. The high inertia
machine showed significant improvement in system performance over the synchronous condenser models
with a lower inertia constant (2.2) used in the original DC1020 studies.

It was found that without the synchronous condensers at Pipers Hole, either a Static Var Compensator (SVC)
at Sunnyside (SSD), or a new 230 kV circuit between Bay d’Espoir and Western Avalon (WAV) will provide
acceptable system performance for all contingencies except the three-phase fault at Bay d’Espoir. The results
are highly dependent on the type of synchronous condenser that is modeled. Table E.1 below summarizes
the possible mitigating solutions for the Island system dynamic performance.

Table E.1
Possible Solutions to Eliminate Synchronous Condensers at Pipers Hole
SP Synch. Cond. . BDE-WAV 50% compensation on
Sidlin Ewsl T In-service SRl G 230 kV line BDE-SSD lines?
MIL- 2.2 inertia 2x300 MVAR 400 MVAR + - Yes
100 MVAR caps
MIL - 2.2 inertia 2x300 MVAR - Yes, with 50% Yes
compensation
— 7.84 inertia 1x300 MVAR 300 MVAR - Yes
— 7.84 inertia 2x150 MVAR 200 MVAR - Yes
— 7.84 inertia 2x150 MVAR - Yes No

The high inertia
synchronous condensers that are required to be installed at Soldiers Pond. In order to meet criteria for a fault
at Sunnyside on one of the Bay d’Espoir-Sunnyside lines, a single 300 MVAR high inertia synchronous

synchronous condensers would significantly reduce the size or number of
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condenser is sufficient, along with a 300 not 200 MVAR SVC at Sunnyside (Table E.1 row 3) or a new 230 kV
circuit between Bay d’Espoir and Western Avalon. However, because loss of the 1x300 MVAR Soldiers Pond
synchronous condenser becomes the worst case contingency if only a single 300 MVAR unit is installed, it is
recommended to have 2x150 MVAR high inertia synchronous condensers in-service at all times, which
would translate to 3x150 MVAR installed to account for maintenance outages. The added benefit to a
synchronous condenser rating of 150 MVAR is that it would match the Holyrood synchronous condenser
ratings and their spare transformer.

Therefore from a technical system performance point of view, the best solution would be to have

2x150 MVAR high inertia synchronous condensers in-service at Soldiers Pond at all times, therefore installing
3x150 MVAR in order to account for maintenance outages. In addition to these 150 MVAR synchronous
condensers, one of the following mitigation options is also required:

1. 200 MVAR SVC at Sunnyside and 50% series compensation on the two Bay d’Espoir-Sunnyside lines, or

2. 230 kV Bay d’Espoir — Western Avalon line, no series compensation on this new line or on the existing
two Bay d’Espoir-Sunnyside lines.

Both of these solutions provide sufficient steady state VAR support to maintain system steady state voltages
during the 800 MW monopolar 10-minute 2.0 pu overload condition. During the 2.0 pu overload condition,
approximately 200 MVAR is drawn in steady state from the Soldiers Pond synchronous condensers to
maintain the 1.0284 pu Soldiers Pond voltage setpoint that was used in the studies.

Because such good performance was obtained with the high inertia synchronous condensers, the three-phase
Bay d’Espoir fault was re-visited. It was found that in order to design the system to survive a three-phase fault
at Bay d’Espoir, the only option that recovered within criteria was a case with the new 230 kV circuit
between Bay d’Espoir and Western Avalon. If this new circuit plus the two circuits between Bay d’Espoir and
Sunnyside are 50% series compensated, AND if 2x300 MVAR of the high inertia synchronous
condensers are in-service at Soldiers Pond (which means 3x300 MVAR installed to account for maintenance
outages), the system is able to recover from a three-phase fault at Bay d’Espoir.

A preliminary evaluation was performed to look at the impact of relocating a portion of the inertia from
Soldiers Pond to Bay d’Espoir by changing out the rotor on Bay d’Espoir Unit 7 and by installing a high inertia
150 MVAR synchronous condenser as Bay d’Espoir Unit 8. The analysis was performed with only

1x150 MVAR high inertia synchronous condenser operating at Soldiers Pond instead of 2x150 MVAR.
Despite the fact that the total system inertia is very similar between the two cases, the results indicate poorer
performance of the Island system when the synchronous condenser is moved away from Soldiers Pond due to
poorer performance of the HVdc infeed. This system configuration would require the addition of the 230 kV
circuit between Bay d’Espoir and Western Avalon with 50% series compensation as well as 50% series
compensation on the two Bay d’Espoir — Sunnyside 230 kV lines. If even the series compensation from the
new Bay d’Espoir — Western Avalon line is removed the system becomes unstable for a fault at Sunnyside on
one of the Bay d’Espoir lines (TL202 or TL206), and in addition the HVdc infeed is on the verge of a second
commutation failure for a three phase fault on the Soldiers Pond synchronous condenser.
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Introduction

The original DC1020 transient stability analysis found the need for a large number of synchronous
condensers to be installed on the system in order to account for the worst case fault, which is a solid
three-phase fault at Bay d’Espoir on one of the Bay d’Espoir-Pipers Hole 230 kV lines (TL202 and/or
TL206). Specifically it was found that 2x300 MVAR synchronous condensers are required to be in-
service at all times at both the Pipers Hole and Soldiers Pond buses in order to save the system from
collapse due to fast frequency decay. This translates to 3x300 MVAR synchronous condensers
installed at each station in order to account for maintenance outages. In addition, it was found that
50% series compensation was required on both of the 230 kV lines between Bay d’Espoir and
Pipers Hole. The Pipers Hole bus was included in the system to connect a potential new refinery
load (175 MW) to the Island system.

The worst case three-phase fault on the existing isolated Island system is a three-phase fault on the
230 kV bus at Holyrood. At best, assuming the boilers at Holyrood Thermal Generating Station
survive the upset caused by the fault, the system would see approximately 250 MW of load shed as a
result of the fault. At worst, complete loss of Holyrood plant due to the fault would result in up to
500 MW of load shed, in essence, the entire Avalon Peninsula. Dual primary protection on the

230 kV system ensures all faults are cleared in 6 cycles maximum. As a result, faults at the 230 kV
level are cleared as quickly as possible given the existing equipment to ensure angular stability is
maintained. It is understood that given the fault location on the 230 kV system there may be some
loss of local load due to voltage sag and post fault recovery voltages. Beyond the issues associated
with the loss of Holyrood, loss of paper machines due to voltage dip and loss of refiner motors due
to angular instability can be expected. By comparison, the system additions proposed by DC1020
ensured that the Island system with the HVdc converter station at Soldiers Pond remained stable for
all 230 kV bus faults without loss of load. To compare the system performance of the two alternatives
(HVdc interconnection versus isolated) on a common basis, system additions in the HVdc case are to
be identified in the HVdc case assuming that the system does not recover from the worst case fault
(i.e. Bay d’Espoir 230 kV three-phase fault).

Between completion of DC1020 and this report, the certainty of the new 175 MW oil refinery has
become questionable. As a result, planning associated with the integration of an HVdc
interconnection for the Island system has removed the new oil refinery from the base case.

The analysis in this report is based on the assumption that the new refinery load will not be going
ahead, and therefore the Pipers Hole bus would not exist. It is also based on the assumption that the
three-phase Bay d’Espoir fault will not be considered when determining the synchronous condenser
requirements and system upgrades. This fault is not considered in this sensitivity analysis as the intent
is to determine the system additions for the HVdc integration with system performance comparable
to that of the existing system.

PRH325967.10172, Rev. 0, Page 1-1



Muskrat Falls Project - CE-10 Rev. 1 (Public)
Page 63 of 263

Newfoundland and Labrador Hydro - Lower Churchill Project
DC1210 - HVdc System Sensitivity Analysis
Preliminary Final - December 2008

Terms of Reference

The scope of this study is to determine the required system additions to ensure acceptable system
performance for all contingencies except the three-phase fault at Bay d’Espoir 230 kV bus. The
following points are assessed:

The impact of splitting the 230 kV Bay d’Espoir bus such that one 230 kV circuit to Stony Brook
and Sunnyside and approximately one half the Bay d’Espoir generation is connected to each
230 kV bus with the tie line between each station out-of-service.

The impact of blocking recovery of the HVdc during the three-phase Bay d’Espoir fault with
isolation of the Avalon Peninsula load centre.

Application of SVC technology at Sunnyside (in lieu of synchronous condensers at Pipers Hole).
Installation of a third 230 kV circuit between Bay d’Espoir and Western Avalon.

Application of two different synchronous condenser designs; one, using the original synchronous
condensers as per Manitoba Hydro’s Dorsey station (inertia constant 2.2); and two, using a new
high inertia synchronous condensers based on a vertical-shaft hydro generator design
(inertia constant 7.84).

The study was to assess system performance assuming:

The three-phase fault at Bay d’Espoir was not considered.
The new refinery load and Pipers Hole station did not exist.

No synchronous condensers would be installed at Pipers Hole as the station will not exist.
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Power Flow Cases and Procedure

Several of the worst faults were simulated for the scenario in which the refinery load and the
Pipers Hole synchronous condensers as well as the Holyrood CTs were all removed from service.
The transient stability analysis was performed on the future peak load flow case (approximately
1625 MW Island load without the refinery). The following power flow variations were tested:

e 800 MW bipolar infeed at Soldiers Pond, economic dispatch at Bay d’Espoir

e 800 MW bipolar infeed at Soldiers Pond, maximum generation dispatch at Bay d’Espoir

e 600 MW monopolar infeed at Soldiers Pond, maximum generation dispatch at Bay d’Espoir
Two main system topologies were tested to determine the Soldiers Pond synchronous condenser
requirements:

e Additional VAR support at Sunnyside in the form of an SVC

e A third 230 kV circuit between Bay d’Espoir and Western Avalon

The number of synchronous condensers and other system upgrades as determined from the findings
of the transient stability analysis were verified for the 800 MW monopolar future peak power flow
case to ensure that the steady state system VAR requirements and steady state voltages are still within
criteria for the 10-minute 2 per-unit HVdc overload case.

The above analysis was performed for two types of synchronous condensers:

e 300 MVAR, inertia constant of 2.2 (Manitoba Hydro, MIL type)

e 300 MVAR, inertia constant of 7.84 | vertical shaft hydro generator type)
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The original transient stability analysis was performed using the machine models for the 300 MVAR
MIL synchronous condensers at Manitoba Hydro’s Dorsey station. These machines have an inertia

constant of 2.2

NLH discovered that

makes a very high inertia synchronous condenser based on vertical
shaft hydro generator design. These machines have an inertia constant of 7.84 which is more than
three times that of the Manitoba Hydro machines.

Table 4.1 lists the stability data for the two types of synchronous condensers.

Table 4.1
Synchronous Condenser Data
Machine Data Manitoba Hydro — MIL
MVAR +300/-165 MVAR +300/-165 MVAR
H 2.2 7.84
Xd 1.45 pu 1.24 pu
Xq 0.854 pu 0.85 pu
Xd’ 0.29 pu 0.27 pu
Xq'’ n/a n/a
Xd” 0.17 pu 0.165 pu
Xq” 0.17 pu 0.177 pu
XI 0.083 pu 0.09 pu
S(1.0) 0.123 0.04
S(1.2) 0.205 0.14
T'do 4.9 sec 11 sec
T"do 0.093 sec 0.08 sec
T"qo 0.272 sec 0.29 sec

Since inertia is the major system issue driving the need for the large synchronous condenser

requirement, sensitivity analysis was performed to use these very high inertia machines to see how
much the system performance would improve.
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Results

It was found that the system performance of the 800 MW bipolar case was worse than the 600 MW
monopolar case, and the maximum Bay d’Espoir dispatch scenario was worse than the economic
Bay d’Espoir dispatch scenario. This makes sense as the issue is one of lost power, so the more
power that is lost during the fault, i.e. from Bay d’Espoir generating station and from the HVdc
infeed, the worse the impact to system frequency. The results presented in this report correspond to
these worst case conditions, i.e. 800 MW bipolar infeed, maximum Bay d’Espoir dispatch.

Ignoring the three-phase fault at Bay d’Espoir, the next worst case fault is a three-phase fault at
Sunnyside on one of the Sunnyside-Bay d’Espoir lines. Also, depending on the number of
synchronous condensers in service at Soldiers Pond, a three-phase fault at Soldiers Pond followed by
tripping of a Soldiers Pond synchronous condenser can be a determining case if only one
synchronous condenser is in-service prior to the fault.

A significant improvement in system performance was obtained with the high inertia

synchronous condensers. The results indicate that the main issue with system performance is one of
inertia. To demonstrate this point, the inertia value of the synchronous condensers was
changed in the dynamics model from 7.84 to 2.0. The results with the lower inertia value indicate
poorer system performance than the high inertia case and were similar to results provided by the
Manitoba Hydro synchronous condensers. Therefore, it can be concluded that it is in fact the large
inertia of the machines that is improving system performance.

Sunnyside SVC

Without the installation of synchronous condensers at Pipers Hole, the Sunnyside bus requires
dynamic voltage support in the form of an SVC. The rating of this SVC depends on the system
configuration and the type of Soldiers Pond synchronous condenser being studied.

Using the original 2.2 inertia machines at Soldiers Pond, it was found that 2x300 MVAR are required
to be in-service at all times. In addition to this, a 400 MVAR SVC plus a 100 MVAR capacitor is
required to meet the 0.7 pu transient undervoltage criteria at Sunnyside for a fault at Sunnyside on
one of the Sunnyside-Bay d’Espoir lines for the maximum Bay d’Espoir dispatch case. Table 5.1
summarizes these results.

Table 5.1
2x300 MVAR 2.2 inertia synchronous condenser, 400 MVAR SVC + 100 MVAR cap at Sunnyside

Fault

Location tripped fault

Line Minimum post fault voltage (pu) Min post Status

BDE SSD WAV spP Gamma
(Deg)

SS SS-BDE 0.73 0.70 0.73 0.87 14 Stable

SP SP-WAV >0.9 >0.9 >0.9 >0.9 23 Stable

SP SP SCo >0.9 >0.9 >0.9 >0.9 22 Stable
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Using the high inertia machines at Soldiers Pond, it was found that only 1x300 MVAR
machine was needed, along with a 200 MVAR SVC at Sunnyside. However if there is only one
synchronous condenser at Soldiers Pond, a fault at Soldiers Pond that would trip this machine
becomes the limiting case. Either a larger SVC is required at Sunnyside (300 MVAR), or

2x150 MVAR synchronous condensers need to be in service in order to leave at least 1x150 MVAR
connected if the fault trips a synchronous condenser. These results are summarized below in

Table 5.2, red text indicating where criteria is not met.

Izl;:)eosl;fVAR High inertia synchronous condenser, 200 MVAR SVC at Sunnyside
Fault Line Minimum post fault voltage (pu) Min post fault Status
Location tripped pnF SSD | WAV SP | Gamma (Deg)
SS SS-BDE 0.801 0.694 0.726 0.816 10.4 Stable
SP SP-WAV 0.914 0.886 0.865 0.881 19.6 Stable
SP SP SCo 0.8 0.65 0.62 0.70 2" comm. fail Stable
SP SP SCo* 0.75 0.70 0.73 0.87 17.0 Stable

*Trip one 150 MVAR synchronous condenser leaving one 150 MVAR synchronous condenser in service.

5.2

The Bay d’Espoir fault is still unstable for both synchronous condenser/SVC solutions.

The 800 MW monopolar 10-minute 2.0 pu overload case was verified to ensure sufficient steady
state VAR support to maintain system steady state voltages.

New 230 kV Circuit: Bay d’Espoir-Western Avalon

Without the installation of synchronous condensers at Pipers Hole, and without the addition of an
SVC at Sunnyside, a new 230 kV circuit between Bay d’Espoir and Western Avalon was tested. The
system response and the need for series compensation on this line and on the two existing 230 kV
lines between Bay d’Espoir and Sunnyside depended on the system configuration and the type of
Soldiers Pond synchronous condensers being studied.

Using 2x300 MVAR of the original 2.2 inertia machines at Soldiers Pond, without series
compensation on the new line, the Sunnyside transient undervoltage dips to 0.66 pu following a fault
at Sunnyside on one of the Sunnyside-Bay d’Espoir lines. If the new 230 kV line is built with 50%
series compensation, this Sunnyside voltage dip improves to 0.73 pu. These results are summarized
in Table 5.3.
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Table 5.3
2x300 MVAR MIL synchronous condensers, series compensation on the new Bay d’Espoir-Western Avalon
230 kV line

Fault . Lipe Minimum post fault voltage (pu) Min post fault Status
Location tripped ™ ppr SSD | WAV SP | Gamma (Deg)
SS SS-BDE 0.80 0.72 0.76 0.88 20 Stable
SP SP-WAV >0.9 >0.9 >0.9 >0.9 22 Stable
SP SP SCo >0.9 >0.9 >0.9 >0.9 22 Stable
Using the high inertia machines, with only 1x300 MVAR in service at Soldiers Pond, the
system is stable and meets criteria even without any series compensation on the Bay d’Espoir-
Sunnyside lines or on the new Bay d’Espoir-Western Avalon line, although the Sunnyside voltage is
just starting to dip below 0.7 pu as shown in Table 5.4. If the 50% series compensation is installed
on the two existing Bay d’Espoir-Sunnyside lines there is an improvement in the system response as
shown in Table 5.5. However in this case because there is only one synchronous condenser at
Soldiers Pond, a fault at Soldiers Pond that would trip this machine becomes the limiting case.
Instead, 2x150 MVAR synchronous condensers need to be in service in order to leave at least
1x150 MVAR on-line if a fault trips the other synchronous condenser. Red text in Tables 5.4 and 5.5
indicate that criteria is not met.
Table 5.4
No series compensation on any lines. 1x300 MVAR synchronous condenser
Fault - Lipe Minimum post fault voltage (pu) Min post fault Status
Location tripped T ppr SSD | WAV SP__ | Gamma (Deg)
SS SS-BDE 0.798 0.697 0.724 0.817 15 Stable
SP SP-WAV 0.871 0.824 0.822 0.862 19.5 Stable
SP SP SCo - - - - - Unstable
SP SP SCo* 0.91 0.82 0.82 0.83 21 Stable

*Trip one 150 MVAR synchronous condenser leaving one 150 MVAR synchronous condenser in service.

Table 5.5

No series compensation on new BDE-WAY line, 50% series compensation on BDE-SSD lines. 1x300 MVAR

synchronous condenser

Fault Line Minimum post fault voltage (pu .
. . P ge (pu) Min post fault Status
Location tripped
BDE SS WAV SP Gamma (Deg)
SS SS-BDE 0.811 0.72 0.745 0.826 16.8 Stable
SP SP-WAV 0.867 0.829 0.829 0.861 19.7 Stable
SP SP Sco 0.80 0.70 0.70 0.78 2" comm. fail Stable
SP SP SCo* 0.94 0.85 0.85 0.85 23 Stable

*Trip one 150 MVAR synchronous condenser leaving one 150 MVAR synchronous condenser in service.

The Bay d’Espoir fault is still unstable for both synchronous condenser options. However, because
such good performance was obtained with the high inertia synchronous condensers, the three-phase
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Bay d’Espoir fault was re-visited using the high inertia synchronous condensers. It was found that in
order to design the system to survive a three-phase fault at Bay d’Espoir, the only option that
recovered within criteria was a case with the new 230 kV circuit between Bay d’Espoir and Western
Avalon. If this new circuit plus the two circuits between Bay d’Espoir and Sunnyside are 50% series
compensated, AND if 2x300 MVAR high inertia synchronous condensers are in service at
Soldiers Pond (which means 3x300 MVAR would be installed to account for maintenance outages),
the system is able to recover from a three-phase fault at Bay d’Espoir. The results are summarized in
Table 5.6 below.

Table 5.6
50% series compensation on BDE-SSD lines and on new BDE-WAY line. 2x300 MVAR synchronous
condensers
Fault . Li.ne Minimum post fault voltage (pu) Min post fault Status
Location tripped
BDE SSD WAV SP Gamma (Deg)
BDE BDE-SSD 0.76 0.70 0.75 0.87 17 Stable

5.3

The 800 MW monopolar 10-minute 2.0 pu overload case was verified to ensure sufficient steady
state VAR support to maintain system steady state voltages with 1x300 MVAR synchronous
condenser at Soldiers Pond.

Bay d’Espoir Three-Phase Fault

In an attempt to lessen the impact of a three-phase fault at Bay d’Espoir on overall system
performance, the 230 kV Bay d’Espoir bus was split such that one 230 kV circuit to Stony Brook and
Sunnyside and approximately one half the Bay d’Espoir generation is connected to each 230 kV bus
with the tie line between each station out-of-service. A three-phase fault on one of the Bay d’Espoir-
Sunnyside lines was applied. The system response was not substantially improved. The Sunnyside
transient voltage improved slightly but the Bay d’Espoir voltage degraded slightly and no reduction in
equipment requirements was observed.

Next, a special protection system was tested which blocked the recovery of the HVdc and isolated
the Avalon Peninsula load centre. Based upon the analysis it appears that remaining generation on
the Western portion of the Island cannot control the island frequency; at 5 seconds into the
simulation the frequency of the islanded system is up to near 65 Hz. Without some careful
generation crosstripping and/or staged overfrequency protection it does not look like this island will
settle to a frequency that is within criteria.

However as noted earlier in section 5.2, if the new 230 kV circuit between Bay d’Espoir and Western
Avalon is built and if this new circuit plus the two circuits between Bay d’Espoir and Sunnyside are
50% series compensated, AND if 2x300 MVAR high inertia synchronous condensers are in
service at Soldiers Pond (which means 3x300 MVAR installed to account for maintenance outages),
the system is able to recover from a three-phase fault at Bay d’Espoir within criteria.
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Impact of Inertia Relocation

Having determined that the requirement for additional system inertia could be met by operating of 2
x 150 MVAR high inertia synchronous condensers at Soldiers Pond at all times, a preliminary
evaluation of relocating a portion of the required inertia addition was completed. Unit 7 at Bay
d'Espoir is a 172 MVA machine with a relatively low inertia due to the rotor's floating rim design.
Change out of the Unit 7 rotor would result in an increase in unit inertia. Further, basic provisions
were completed for the addition of a Unit 8 at Bay d'Espoir during the construction of Unit 7. As a
result, the Bay d'Espoir site offers a potential location for the required system inertia increase. To
investigate the impact of relocating inertia away from Soldiers Pond it was assumed that the Bay
d'Espoir Unit 7 rotor was changed out resulting in an increase in the unit's inertia from 3.883 to
7.766 (doubled), and that a high inertia generator was installed as Bay d’Espoir Unit 8 operating at
150 MW. Given that there is no additional water available at Bay d’Espoir Generating Station for
increased energy production, Units 1 and 2 were shutdown. In addition, Unit 2 was also tested as a
synchronous condenser. The analysis assumed that only 1 x 150 MVAR high inertia synchronous
condenser was operating at all times at Soldiers Pond.

Results of the analysis indicate somewhat worse performance with a portion of the inertia moved
away from Soldiers Pond. This is likely due to the fact that the performance of the HVdc is not as
good with fewer synchronous condensers nearby. It was found that in order for this system
configuration to be stable for all faults, 50% series compensation is required on the two existing
230 kV Bay d’Espoir-Sunnyside lines (TL202 and TL206) as well as on the new 230 kV Bay d’Espoir-
Western Avalon line. If the series compensation is removed from the Bay d’Espoir-Western Avalon
line the system becomes unstable for a fault at Sunnyside on one of the Bay d’Espoir-Sunnyside lines
(TL202 or TL206) and is very near a second commutation failure for a three-phase fault at Soldiers
Pond on the 150 MVAR synchronous condenser. The results are summarized in Tables 5.7 and 5.8.

The original Bay d’Espoir system configuration with 2 x 150 MVAR high inertia synchronous
condensers operating at Soldiers Pond did not require series compensation on any of these three
lines.

Table 5.7
50% series compensation on BDE-SSD lines and on new BDE-WAYV line. Inertia relocation to BDE. 1x150

MVAR synchronous condensers at Soldiers Pond
Fault Line Minimum post fault voltage (pu) Min post fault Status
Location tripped BDE SSD | WAV SP | Gamma (Deg)
SS SS-BDE 0.80 0.72 0.73 0.79 9 Stable
SP SP-WAV 0.93 0.86 0.85 085 23 Stable
SP SP SCo 0.91 0.82 0.79 0.79 10 Stable
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Table 5.8
No series compensation on new BDE-WAYV line, 50% series compensation on BDE-SSD lines. Inertia
relocation to BDE. 1x150 MVAR synchronous condensers at Soldiers Pond

Fault Line Minimum post fault voltage (pu) Min post fault Status
Location tripped T gpF SSD | WAV SP | Gamma (Deg)
SS SS-BDE - - - - - Unstable
SP SP-WAV 0.93 0.86 0.85 0.85 23 Stable
SP SP SCo 0.90 0.80 0.78 0.78 7.5% Stable

*On the verge of a second commutation failure.

The 800 MW monopolar 10-minute 2.0 pu overload case was verified to ensure sufficient VAR
support to maintain the steady state system voltages with only 1x150 MVAR synchronous condenser
operating at Soldiers Pond. The Soldiers Pond synchronous condenser is producing maximum
reactive power of 150 MVAR during the 10 minute 2.0 pu overload condition. It is unable to hold
the voltage setpoint of 1.0284 pu as was used in all of the studies, however the voltage at Soldiers
Pond is still maintained at 1.018 pu, with voltages at Sunnyside dropping to 1.005 pu and Bay
d’Espoir to 1.0264 pu. All system voltages are within criteria, however, despite being slightly lower
than in the normal system intact 800 MW bipolar case.
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Conclusions

If the intent is to design the HVdc infeed system such that its performance is similar to the existing
system performance (i.e. does not survive the worst case fault), the requirements for synchronous
condensers on the Island system are reduced. It must be noted that failure of the HVdc infeed system
for the worst case fault is expected to result in system wide collapse as opposed to loss of
approximately 500 MW in the existing system. The main issue in the Island system with the HVdc
infeed is lack of inertia and resulting frequency decay due to faults which cause the HVdc infeed to
fail commutation; the nearer the fault location to Bay d’Espoir generating station, the more power
temporarily lost and the more severe the system frequency decay.

A new synchronous condenser model with a very high inertia constant (7.84) was tested. The high
inertia machine showed significant improvement in system performance over the synchronous
condenser models with a lower inertia constant (2.2) used in the original DC1020 studies.

It was found that without synchronous condensers at Pipers Hole, either an SVC at Sunnyside, or a
new 230 kV circuit between Bay d’Espoir and Western Avalon will provide acceptable system
performance for all contingencies except the three-phase fault at Bay d’Espoir. The results are highly
dependent on the type of synchronous condenser that is modeled. Table 6.1 below summarizes the
possible mitigating solutions for the Island system dynamic performance, ignoring the Bay d’Espoir
three-phase fault.

Table 6.1
Possible Solutions to Eliminate Synchronous Condensers at Pipers Hole

Synch. Cond. Type

SP Synch. Cond. Sunnvside SVC BDE-WAV 50% compensation on
In-service Y 230 kV line BDE-SSD lines?

MIL- 2.2 inertia 2x300 MVAR 400 MVAR + - Yes

100 MVAR caps

MIL — 2.2 inertia 2x300 MVAR - Yes, with 50% Yes

compensation

— 7.84 inertia 1x300 MVAR 300 MVAR - Yes

— 7.84 inertia 2x150 MVAR 200 MVAR - Yes

— 7.84 inertia 2x150 MVAR - Yes No

The high inertia synchronous condensers would significantly reduce the size or number of
synchronous condenser that are required to be installed at Soldiers Pond. In order to meet criteria for
a fault at Sunnyside on one of the Bay d’Espoir-Sunnyside lines, a single 300 MVAR high inertia
synchronous condenser is sufficient, along with a 300 (not 200 MVAR as indicated in Table 6.1 row
three) MVAR SVC at Sunnyside or a new 230 kV circuit between Bay d’Espoir and Western Avalon.
However, because loss of the Soldiers Pond synchronous condenser becomes the worst case
contingency if only a single 300 MVAR unit is installed, it is recommended to have 2x150 MVAR
high inertia synchronous condensers in-service at all times, which would translate to 3x150 MVAR
installed to account for maintenance outages. The added benefit to a synchronous condenser rating
of 150 MVAR is that it would match the Holyrood synchronous condenser ratings and their spare
transformer.
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Therefore from a technical system performance point of view, the best solution would be to have
2x150 MVAR high inertia synchronous condensers in-service at Soldiers Pond at all times, therefore
installing 3x150 MVAR in order to account for maintenance outages. In addition to these 150 MVAR
synchronous condensers, one of the following mitigation options is also required:

1. 200 MVAR SVC at Sunnyside and 50% series compensation on the two Bay d’Espoir-Sunnyside
lines, or

2. 230 kV line Bay d’Espoir — Western Avalon, no series compensation on this new line or on the
existing two Bay d’Espoir-Sunnyside lines

Both of these solutions provide sufficient steady state VAR support to maintain system steady state
voltages during the 800 MW monopolar 10-minute 2.0 pu overload condition. Approximately
200 MVAR is required in steady state from the Soldiers Pond synchronous condensers to maintain
the 1.0284 pu voltage setpoint that was used in the studies.

Because such good performance was obtained with the high inertia synchronous condensers, the
three-phase Bay d’Espoir fault was re-visited. It was found that in order to design the system to
survive a three-phase fault at Bay d’Espoir, the only option that recovered within criteria was a case
with the new 230 kV circuit between Bay d’Espoir and Western Avalon. If this new circuit plus the
two circuits between Bay d’Espoir and Sunnyside are 50% series compensated, AND if 2x300 MVAR
high inertia synchronous condensers are in service at Soldiers Pond (which means

3x300 MVAR installed to account for maintenance outages), the system is able to recover within
criteria from a three-phase fault at Bay d’Espoir.

A preliminary evaluation was performed to look at the impact of relocating a portion of the inertia
from Soldiers Pond to Bay d’Espoir by changing out the rotor on Bay d’Espoir Unit 7 and by installing
a high inertia 150 MVAR synchronous condenser as Bay d’Espoir Unit 8. The analysis was performed
with only 1 x 150 MVAR high inertia synchronous condenser operating at Soldiers Pond instead of

2 x 150 MVAR. Despite the fact that the total system inertia is very similar between the two cases,
the results indicate poorer performance of the Island system when the synchronous condensers are
moved away from Soldiers Pond due to poorer performance of the HVdc infeed. This system
configuration as studied would require the addition of the 230 kV circuit between Bay d’Espoir and
Western Avalon with 50% series compensation as well as 50% series compensation on the two Bay
d’Espoir — Sunnyside 230 kV lines. If even the series compensation from the new Bay d’Espoir —
Western Avalon line is removed the system becomes unstable for a fault at Sunnyside on one of the
Bay d’Espoir lines (TL202 or TL206), and in addition the HVdc infeed is on the verge of a second
commutation failure for a three phase fault on the Soldiers Pond synchronous condenser.
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Appendix A

2x150 MVAR SCo at SP, 200 MVAR SVC at
Sunnyside, 50% series compensation on BDE-SSD lines,
3PF SSD-BDE
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Appendix B

2x150 MVAR SCo at SP, new BDE-WAV line, no
series compensation on any lines, 3PF SSD-BDE
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Appendix C

2x300 MVAR SCo at SP, new BDE-WAV line, series
compensation on BDE-WAYV and both BDE-SSD lines, 3PF
BDE-SSD
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Appendix D

Frequency plot for the case testing a special protection
scheme to split Avalon Peninsula for a three-phase fault at
Bay d’Espoir. 2x150 MVAR SCo at SP, new
BDE-WAV line, 3PF BDE-SSD
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Introduction

The original WTO DC1020 transient stability analysis assumed a multi-terminal HVdc system with a
480 km cable connection between Newfoundland and New Brunswick across the Cabot Strait. A
major task of the WTO was the development of a multi-terminal HVdc model for future PSSE studies.
As part of WTO DC1210 Nalcor Energy — Lower Churchill Project requested that the PSSE model
developed as part of DC1020 be modified to include a shorter cable between Newfoundland and
Nova Scotia along with a new HVdc overhead transmission line from Nova Scotia to

New Brunswick.

This report summarizes the work done to implement the requested modifications and presents the
results of the validation testing performed.
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Summary

The PSSE stability model of the three-terminal HVdc link for the Lower Churchill Project has been
modified to represent a shorter DC cable section and longer DC overhead line section between the
tap at Taylor’s Brook and the terminal at Salisbury. Specifically, the cable section between
Newfoundland and Lingan, Nova Scotia is estimated at 180 km, and the new overhead line section
from Lingan, Nova Scotia to Salisbury, New Brunswick is estimated at 475 km. The overhead line
sections in Newfoundland from Taylor’s Brook to the Gulf of St. Lawrence crossing to Nova Scotia
remain unchanged.

The PSSE multi-terminal HVdc model has been modified and validated to be capable of operating in
bipolar or monopolar modes for the following HVdc configurations:

1. 3-terminal: Gull Island - rectifier, Soldiers Pond — inverter, Salisbury — inverter

2. 2-terminal: Soldiers Pond — rectifier, Salisbury — inverter

3. 2-terminal: Salisbury — rectifier, Soldiers Pond - inverter

The validation testing for the monopolar configuration was performed using the 3-terminal HVdc
configuration.
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Power Flow Test Case

For the 3-terminal HVdc configuration, the PSSE model validation was performed using an
equivalent test system representing power flow case BC1-DC1: rated bipolar operation with
Gull Island as rectifier and Soldiers Pond and Salisbury as inverters (3-terminal).

The validation testing case was performed in an equivalent test system using the following system
strengths:

e Gulllsland — 4654 MVA <87 deg
e Soldiers Pond — 3305 MVA <74.1 deg

e Salisbury — 3949 MVA <76 deg

The above systems strengths represent a weak configuration at Gull Island, one 150 MVAR
synchronous condenser in-service at Soldiers Pond (Xd”” = 0.165 pu) and one 125 MVAR
synchronous condenser in-service at Salisbury (Xd”’ = 0.165 pu) based on information from
previously completed studies.

For the 2-terminal HVdc configurations, the PSCAD model had previously been set up using
equivalent test systems, however the PSSE models that were readily available for these power flow
configurations had been set up to use an equivalent source at the Salisbury terminal and the reduced
version of the Newfoundland system PSSE model for the Soldiers Pond terminal. This difference in
test systems results in slightly different AC voltage response for the 2-terminal test cases, however the
response (especially of the HVdc quantities) very closely matches the PSCAD model and therefore
still provides validation of the PSSE model.
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Procedure and Results

The PSCAD model was first updated and the DC controls were re-tuned. These changes were
implemented inside the PSSE model. Validation testing was performed by comparing the results of
the PSCAD and PSSE models for a solid and remote three-phase fault at each of the DC terminals for
the 3-terminal case, and for solid faults only for the 2-terminal cases.

Validation testing results are provided in the Appendix. The PSSE model compares well with the
PSCAD model results.
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User Instructions

The user need not change any input parameters to the PSSE dynamics model, other than to ensure
CON( +5) DC_CONFIG is set to the appropriate value:

‘1’ - 3-terminal: Gull Island - rectifier, Soldiers Pond — inverter, Salisbury — inverter
‘2’ - 2-terminal: Soldiers Pond — rectifier, Salisbury — inverter
‘3’ - 2-terminal: Salisbury — rectifier, Soldiers Pond - inverter

Other than CON( + 5) the original documentation for the PSSE model still applies in terms of model
use instructions (Chapter 7 of DC1020 report: Multi-Terminal HVdc Link PSSE Stability Model). All
dynamics model changes were internal within the PSSE model code. The updated compiled model is
provided (CLCPDC-short_cable-full_version.OB})).

The user should change the DC resistance value in the PSSE loadflow model of the DC line section
from the DC tap (dc bus 2) to the NB DC terminal (dc bus 4) to be 9.451 ohms instead of 8.433
ohms (a read change raw data file is provided as an example for the 3-terminal configuration — LCP-
short_cable.raw). The IPLAN program used to calculate the steady state DC operating points for the
multi-terminal DC loadflow model also uses this DC resistance value and it had to be changed
internally. An updated IPLAN (LCP-short_cable.ipl, LCP-short_cable.irf) is also provided.
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Appendix A
Validation Testing Results
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Executive Summary

The purpose of this technical note is to present a high level evaluation of the application of a Voltage Source
Converter (VSC) for the Lower Churchill HVdc transmission project.

In order to perform such an evaluation it is important to:

e Examine the status of the art of the VSC technology mainly as it applies to HVdc transmission.
e Examine the characteristics of the VSC.

e Examine the future developments in HVdc.

The evaluation involved obtaining the most up to date data from the suppliers regarding the ratings and
availability of these ratings for commercial use. This was followed by comparing this information with the
technical requirements of the HVdc project.

This high level evaluation concluded the following:

e The rating at Gull Island can be better realized using a conventional line commutated converter (LCC).
e The rating at Soldiers Pond can be achieved using a VSC converter.

e The rating at Salisbury can be achieved using a VSC converter.

e The HVdc cable will still require a mass impregnated cable.

e Results of preliminary transient stability simulations showed an overall improvement in system
performance for all ac and dc faults that were studied with fewer synchronous condensers than required
for the LCC technology.

The following recommendations are made:
e The application of VSC technology for the Lower Churchill Project should be considered; however, a
performance study should be performed.

e Based on promising results seen from preliminary transient stability simulations, it is recommended to
perform a more complete performance evaluation of VSC technology for the Soldiers Pond terminal.

PRH325967.10172, Rev. 0, Page iv



Muskrat Falls Project - CE-10 Rev. 1 (Public)
Page 133 of 263

1.1

Newfoundland and Labrador Hydro - Lower Churchill Project
DC1210 - VSC Risk Assessment
Final Report - January 2009

Introduction

The purpose of this technical note is to present a high level evaluation of the application of a Voltage
Source Converter (VSC) for the Lower Churchill HVdc transmission project. In order to perform such
an evaluation it is important to:

e Examine the state-of-the-art of the VSC technology mainly as it applies to HVdc transmission.
e Examine the characteristics of the VSC.

e Examine the future developments in HVdc.

The Current State-of-the-Art of the VSC Technology

The VSC technology for HVdc power transmission applications is advancing quickly, from the start of
a very moderate rating of 3 MW in 1997 which was demonstrated in the Hellsjén project to the
present rating of 400 MW in Transbay Cable Project to be in service in 2010. Currently HVdc using
VSC technology can be at a rating of 1100 MW and +/- 320 kV with an overhead line. The current
projection indicates that a full bipole at +/- 640 kV dc and 2200 MW is achievable.

Commercially the VSC technology is marketed by two of the leading suppliers of HVdc under two
trade names:

e HVdc Light.

e HVdc Plus.

In the beginning, the application of VSC in HVdc was always tied to its connection to a HVdc cable,
because in a VSC converter, during a dc fault, currents from the ac side feed through the bi-
directional converter valves into the dc fault and cannot be cleared until the main ac breaker is
tripped, unlike conventional LCC HVdc in which the ac side does not contribute to the dc fault due
to the uni-directional valves. This means that during a dc fault on a VSC, the whole converter must
be tripped in order to clear the fault, which means that automatic re-starting is not an option. Since
cable applications do not usually offer a restart, as a fault on the cable is almost always a permanent
fault, this limitation was not an issue for the VSC.

The idea here is that because a VSC does not control fault currents for faults occurring on the dc side
it was always promoted as a complete solution with cables.

Since the VSC maintains a constant dc voltage, regardless of direction, reversal of power direction in
a VSC HVdc system does not require the polarity reversal of the dc voltage, and so the use of a
cheaper, cost effective Cross Linked Polyethylene (XLPE) cable in conjunction with VSC is wide
spread.

PRH325967.10172, Rev. 0, Page 1-1
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Recently, for the Caprivi HVdc interconnector in Namibia, the VSC technology was applied to an
overhead line. This project is rated at 300 MW at 350 kV and will go in to service in 2009. There is a
provision to add a second pole to this link in the future to operate as an integrated bipole. By using
high-speed HVdc circuit breakers, in the event of a dc fault, the fault can be cleared quickly allowing
the converters to restart in about 500 ms.

Operating Experience of VSC HVdc Stations

The current major VSC based HVdc systems are listed in Table 1.1.

Table 1.1
VSC Based HVdc Systems Currently in Operation or Under Construction
Scheme Bty Halige con:/vsecrter
MW kv
type **
Cross Sound 330 +/- 150 3 level
converter
Murray Link 220 +/- 150 3 level
converter
Direct Link 180 +/- 80 2 level
converter
Gotland 50 +/- 60 2 level
converter
Est link 150 150 2 level
converter
Caprivi * 300 350 2 level
converter
Transbay 400 +/- 200 Multi level

* First project with overhead line, it is to be expanded to a 600 MW bipole.

** The type of converters is described in Section 2.2.

The operating statistics of HVdc systems are collected and analyzed by Cigre Working Group B4-04.
However, so far none of the existing VSC based HVdc systems have reported their operating
experiences. But there have not been any major reliability issues with these systems and from the
discussions we have had with one of the operating companies of a VSC HVdc link, it has been
running smoothly and successfully.

Characteristics of VSC Converters

It is important to define the types of VSCs that have been used in HVdc applications so far.

Two-Level Converter

A two-level converter is a converter in which the voltage of the ac terminals is switched between two
discrete dc voltage levels.

Three-Level Converter

A three-level converter is a converter in which the voltage of the ac terminals is switched between
three discrete dc voltage levels.
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1.3.3 Multi-Module Converter

A multi-module converter is a converter in which the voltage of the ac terminals is switched between
more than three discrete dc voltage levels using many converter modules.

Currently from the two suppliers that are offering VSC technology for HVdc, one offers the two and
three-level converters with pulse width modulation control, and the other offers the multi-module
converter as shown in Figures 1.1 and 1.2.

! G & =
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Figure 1.1 Two-Level Converter
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SM1

SM

Figure 1.2 Multi-Module Converter

Comparison Between the Features of the VSC and the LCC

In order to draw any conclusions regarding the application of a VSC for the multi-terminal
Lower Churchill HVdc transmission project, it is important to compare the VSC and the LCC

converters as presented in Table 1.2.
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Comparison

LCC

VSC

Semi-Conductor Device

Thyristors currently 6 inch, 8.5 kV and
6000 Amps. No controlled turn- off
capability

IGBTs with anti-parallel free wheeling
diode, with controlled turn-off capability.

dc transmission voltage with a
cable

Up to 500 kV

Up to +/- 300 kV currently limited by
HVdc cable if extruded XLPE cable is used.

dc transmission voltage with an
overhead line

Up to +/- 800 kV

Up to +/- 640 kV

dc power

Currently in the range of 6000 MW per
bipolar system

Currently up to 1100 MW and projected to
increase to 2200 MW

Reactive power requirements

Consumes up to 60% of its rating reactive
power

Does not consume any reactive power and
each terminal can independently control its
reactive power.

Filtering Requires large filter banks Requires moderate size filter banks or no
filters at all.
Black start Limited application Capable of black start and feeding passive

loads

ac system short circuit level

Critical in the design

Not critical at all

Commutation failure performance

Fails commutation for ac disturbances

Does not fail commutation

Over load capability

Available if designed for up to any
required design value

Does not have any overload capability

Application with overhead lines

Can be applied and dc line faults can be
cleared by converter control

Can be applied but dc line faults are
cleared by trip of ac breaker, or the use of a
dc circuit breaker. Currently one
application of overhead line. It has mostly
been applied with cables.

Small taps

Not economic and affects the
performance

Economic and should improve the
performance

Load rejection over voltage

Large and has to be mitigated because of
the large reactive power support

Not large because of small size of filters if
required.

dc line to ground faults

Little effect on ac system with proper
overload capacity

During the time it takes to clear the fault
from the ac side, reactive power will be
drawn. However the impact is less than a

regular ac fault.
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Semiconductor Devices for VSC Applications

Currently the semi-conductor device of choice is the Insulated Gate Bipolar Transistor (IGBT). The
following section discusses the state of the art of the IGBT.

The N-channel IGBT is an N-channel MOSFET constructed on a p-type substrate thus forming a
cascade connection of a vertical bipolar junction transistor with a surface MOSFET. Therefore the
operation of an IGBT is similar to a power MOSFET. With the combination of a MOS gate and the
continuous improvement of conduction losses, IGBTs are gaining a wider acceptance in the power
transmission area. IGBTs now have a balance between the switching speeds, conduction losses and
robustness.

IGBTs for the VSC applications can be press-pack or wire bonded. In the press-pack IGBT there are
no solder or wire bond joints. The press-pack has the advantage of being in similar physical shape as
other semi conductor devices such as thyristors and GTO thyristors. The electromechanical
performance of the pressure contact IGBT is equal to the performance of other conventional devices
such as thyristors.

The press-pack IGBT allows converter designs that are very similar in the mechanical structure as the
present day HVdc technology. It also allows double sided cooling.

Currently both the press-pack and the wire bonded IGBTs are being applied in the high voltage and
high power VSC technology.

Future of VSC Technology in HVdc

It is clear that the VSC technology will expand over the next few years. The current rating of the
IGBT turn-off current of 1718 amperes will certainly increase in the future. This turn-off current rating
is the major determining factor for the rating of a single converter. Obviously the dc voltage also has
an impact on the rating. However, dc voltage is only a limitation for the XLPE cables and not for
overhead lines or the mass impregnated cables. Currently, ratings of up to 1100 MW are being
quoted.

One other factor to be considered is the overload capability of the VSC which is currently non-
existent.
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Application of VSC in Multi-Terminal HVdc Systems

Multi-terminal HVdc systems have been realized in a number of HVdc schemes that are in operation.
Although it has not been a widely used application in HVdc, there has not been any unusual
technical reason against applying them.

The questions being asked are related to the reliability of a multi-terminal HVdc system, i.e. how
reliable is a multi-terminal HVdc system?

In principle, multi-terminal HVdc using line commutated converters (LCC) is reliable and the
reliability is dependent upon:

e Reliable control and protection.

e Reliable communication system between the terminals.

Most components in the HVdc stations within a multi-terminal system are not unique and should not
be a factor in determining the reliability of the scheme.

Two existing HVdc schemes have been designed as multi-terminal from the start:

e Sacoi HVdc system (Sardinia to main land Italy with a parallel tap in Corsica).
¢ Hydro Quebec HVdc system to New England.

Two systems operate in a multi-terminal configuration in an emergency mode:

e Nelson River bipoles 1 and 2 parallel operation.

e ltaipu bipoles 1 and 2 parallel operation.

One unique case is the Pacific Inter-Tie where currently one end of the transmission is a single
converter per pole and the other end consists of two terminals in parallel.

Multi-terminal configurations

Figure 2.1 shows a typical application of parallel taps in a three terminal configuration.
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Figure 2.1 A Three-Terminal HVdc Configuration

In this case one rectifier station is connected to two inverter stations; however, any of the three
stations can be connected to the multi-terminal HVdc system as a rectifier or an inverter using the
appropriate reversing switches.

The performance of the complete HVdc system is certainly a function of the performance of the
individual terminals.

Theoretically any number of terminals or taps can exist; however, the complexity of the control and
protection systems as well as the amount of signal exchange required between terminals via the
communication system will grow as the number of terminals increase. Currently three terminals are
in commercial operation and four terminals are being seriously considered for two HVdc systems.

The performance of the multi-terminal system is dependent on the performance of each of the
terminals. Therefore if all of the stations are comparable in rating, size, and strength of the ac system
to which the stations are connected, there should not be any performance concerns. The problem
arises when one of the parallel terminals operating as an inverter is relatively small in rating, and this
inverter will typically be feeding a weak ac system. Dealing with this small tap is not easy and
certainly affects the performance of the complete HVdc system. For example, if a parallel tap is rated
for 10-20 percent of the total power, such a tap upon failing commutation due to an ac disturbance
in its ac system will lead to the tap taking the full dc link current, affecting its recovery as well as the
recovery of the complete system, unless some protective action is taken by the large terminals which
again affects the power delivery of the complete system.

Such performance issues made many shy away from such multi-terminal configurations with a small
tap. In fact the typical solution is to build the HVdc link for its main intended purpose and to feed the
small load by other alternatives.

The question then becomes what a VSC can do in a multi-terminal HVdc system. There are two
approaches:
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The complete system is realized through the use of VSC as shown in Figure 2-2. However, in this

configuration the total power transmission capability is limited by the current rating of the VSC
converters which is tied to the turn-off current rating of the IGBTs. For power reversal, there is no
need to reverse the voltage and therefore, unlike the LCC based system, there is no need for

extra switching equipment.

The second approach would be a hybrid configuration in which the main strong system high
rating converters are realized using LCC and the weak system small tap converter using VSC as
shown in Figure 2-3. This certainly is a workable solution. It achieves the high rating of the main
HVdc link and a robust converter for the small tap, weak ac system. The VSC is immune to
commutation failures, and hence, the overall system performance is improved.

13 3

1 3

3
3

Figure 2.2 A VSC Based Multi-Terminal HVdc System
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Figure 2.3 Hybrid Multi-Terminal Configuration

PRH325967.10172, Rev. 0, Page 2-4



Muskrat Falls Project - CE-10 Rev. 1 (Public)
Page 143 of 263

Newfoundland and Labrador Hydro - Lower Churchill Project
DC1210 - VSC Risk Assessment
Final Report - January 2009

Description of the Lower Churchill HVdc Link

Newfoundland and Labrador Hydro (Hydro) is planning to install a three-terminal HVdc system
linking Labrador, Newfoundland, and New Brunswick. The proposed HVdc system will be bipolar,
with each converter station having the ability to run as either rectifier or inverter. It will involve cable
and overhead lines, with about 40 km of cable between Labrador and Newfoundland and about

480 km between Newfoundland and New Brunswick. The proposed HVdc system is conceptually
shown in Figure 3-1 below.

The Labrador (Gull Island) converters will be nominally rated at 1600 MW; whereas, the
Newfoundland (Soldiers Pond) and New Brunswick (Salisbury) stations will each be rated at

800 MW. The converters at Soldiers Pond require an overload capability of 2.0 pu for 10 minutes
and 1.5 pu continuously. This would allow for the startup of generation to avoid load shedding in the
event of the loss of one pole of the HVdc system. The converters at Salisbury do not require any
special overload capability and will have an overload rating which is typical of HVdc systems
(10-15%). Gull Island converters should have enough overload capacity to accommodate the
overload requirements at Soldiers Pond.

Characteristics of the HVdc link are summarized as:

e Bipolar, three-terminal HVdc link.
e Nominal voltage: +/- 450 kV (at rectifier).
e Nominal converter ratings:

¢ GullIsland — 1600 MW.

¢ Soldiers Pond — 800 MW.

* Salisbury — 800 MW.
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Figure 3.1 Lower Churchill HVdc System Terminal Locations
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Application of VSC in the Lower Churchill Project
Basic Requirements

Basic requirements include:

e Bipolar configuration.

e dcvoltage of +/-450 kV.

e A combination of overhead line and cables.

e A 1600 MW converter station at Gull Island.

e A high overload capability at Soldiers Pond (2 pu) in the event of a loss of a pole.
e Moderate overload at Salisbury (10-15%).

e Power reversal of all terminals.

A comparison between the basic requirements and the current state-of-the-art of the VSC technology
would provide a good indication as to whether the VSC technology should be considered for the
project.

As mentioned in Section 2.1, a VSC based multi-terminal HVdc link can be:

e A hybrid of LCC and VSC.

e A complete VSC HVdc system.

Comparison with the Basic Requirements
Bipolar Configuration

A VSC based system can be designed in a bipolar configuration. In fact the Caprivi project is
designed as a bipolar system although for the first phase only one pole is supplied. So obviously it
can operate in both bipolar and monopolar.

DC Voltage of 450 kV

For the converters and the overhead lines, there are no show stoppers at this voltage. In fact
according to the suppliers, a dc voltage higher than 450 kV is possible. However, for the XLPE cable
this is not possible. Therefore, a Mass Impregnated cable would have to be used.

The Station Rating at Gull Island

The Gull Island rating is 1600 MW, and if we consider that the present current rating is in the range
of 1718 amperes, then at +/- 450 kV we can obtain a power rating of 1547 MW for the station or
773 MW per pole. These figures are a little short of the 1600 MW rating and short of the pole rating
of 800 MW plus the short time overload for the loss of a pole.
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One solution is to apply two VSC blocks in parallel per pole; however, this may be an unnecessary
complication.

This may lend itself to make the terminal at Gull Island a conventional line commutated converter.

The Station Rating at Soldiers Pond

The station at Soldiers Pond is rated for 800 MW which is not a problem for the current state of the
art of VSC. However, the issue here is the overload capability required at 2 pu even for 10 minutes
and 1.5 pu continuously. This means that each pole will be rated for 800 MW for 10 minutes and
600 MW continuously.

VSC converters do not have an overload capability; therefore, the station at Soldiers Pond would
have to be rated at 800 MW per pole continuously to account for the loss of a pole. With a current
rating of 1718 amperes, the pole rating at Soldiers Pond will be 773 MW which is close to the
800 MW. The converters are the main pieces of equipment affected by such an upgraded power
rating.

In principle, the rating and overload are achievable at Soldiers Pond.

The Station Rating at Salisbury

The station is rated at 800 MW and has very moderate overload requirements. Therefore this is a
straight-forward application for a VSC station.

Power Reversal

Power reversal in a VSC station is easier than power reversal in a conventional LCC station as there is
no need for reversing switches.

The Requirements for Synchronous Condensers for the Project

The transient stability analysis that has been performed on the HVdc infeed using LCC technology
found that the main issue in the Newfoundland Island system is lack of inertia and the resulting
system frequency decay due to three-phase ac faults which cause the HVdc converter to fail
commutation; the nearer the ac fault location to the Bay d’Espoir generating station, the more power
that is temporarily lost during the ac fault and subsequent commutation failure and the more severe
the system frequency decay. This situation resulted in the need for a large number of high inertia
synchronous condensers to be installed along with the HVdc infeed in order to save the Island
system from frequency decay and system-wide collapse.

AC Faults

Because a VSC converter does not fail commutation during an ac fault, it is possible that if the
Soldiers Pond terminal used VSC technology the synchronous condenser requirements of the Island
system due to an ac fault would be reduced. Unless the three-phase ac fault is directly on the
terminals of the VSC, even at reduced terminal voltage during a three-phase fault elsewhere in the
Island system, for example during a three-phase fault at Bay d’Espoir, the VSC will still be able to
feed a reduced amount of power to the Island system during the fault. In addition, the VSC will likely
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be able to recover faster than the LCC infeed once the ac fault is cleared. Both of these factors
suggest that the frequency decay seen during the LCC stability studies due to an ac fault may not be
as severe and therefore the need for synchronous condensers may be reduced.

4.2.7.2 DC Faults

An inherent weakness of a VSC HVdc link is a dc line fault. During the time it takes to clear a dc line
fault, it is fed from all the ac systems connected to the dc line through the VSC diodes. As a result
large fault currents will be drawn from the ac system, however the effect will be less than a normal
ac fault as the converter transformer, phase reactors, dc smoothing reactors (if present) and any line
impedance between the location of the fault and the VSC introduce an impedance which limits the
current drawn from the ac side as well as limiting the rate of growth of the fault current. However,
for the length of time it takes to clear the dc line fault, the ac voltage in all connected systems will
be considerably reduced. Power infeed from the VSC is also significantly reduced while the fault is
present as the power transfer in the faulty pole is stopped and power transfer in the healthy pole is
reduced due to the drop in ac voltage, Depending on how long it takes to clear the dc line fault, the
system frequency decay may or may not be as severe as seen during the worst three-phase ac fault in
the line-commutated converter studies.

Currently there are two VSC designs available for the application of HVdc. In both designs in a
bipolar arrangement with grounded midpoint the anti-parallel diodes conduct to feed the dc line fault
as shown in Figure 4-1. Under these circumstances the IGBTs are by-passed and are unable to
extinguish the fault current. In earlier applications in which the VSC converters were applied in
conjunction with HVdc cables, the assumption is that a fault on the cable is rare and the cable does
not recover from such a fault and therefore the ac circuit breaker (S) is tripped and not automatically
reclosed. However, with the application of VSC to overhead line, combined with the fact that dc line
faults are more frequent and are considered to be able to recover from (as opposed to cable faults), a
sequence of ac and dc breaker tripping and reclosing is applied to clear the dc line fault and restart
the VSC HVdc overhead line. In LCC converters, a dc line fault is cleared by applying de-ionization
attempts without the movement of any mechanical devices.

Figure 4.1 VSC converter with ac and dc breakers
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Based on information provided by one of the VSC suppliers, the DC line fault clearing sequence for
converters connected pole-neutral operates as follows (timings are sequential and cumulative, but
approximate):

e dc line fault detection + 10 ms (to be conservative)

e open ac and dc breakers at all stations connected to the faulted pole +50 ms after fault
detection. The ac breaker clearing time of +50 ms removes the fault current source, the dc
breaker clearing breaks the dc line current transient to begin the deionization time

e dc line fault deionization time + 250 ms

e close ac breakers with damping circuit to re-energize converters + 100 ms
e close dc breakers to re-energize dc line pole + 50 ms

e deblock converters to restart the power flow + 30 ms

e total time = 490 ms

It is assumed that the VSC design of the other supplier would use a similar method to clear a DC line
fault.

Preliminary Simulation Study using VSC technology

In order to evaluate the performance of the Island system and the need for synchronous condensers,
further stability analysis with a VSC converter at Soldiers Pond would be required to analyze both ac
and dc faults.

A preliminary transient stability evaluation of VSC technology was performed using PSSE in order to
get an idea of how the Island system would perform if the Soldiers Pond HVdc infeed used a VSC
converter instead of a line-commutated converter. Several of the expected worst-case faults were
simulated with varying amounts of synchronous condensers operating at Soldiers Pond to see if it
might be possible to reduce or eliminate the need for synchronous condensers on the Island system
with a VSC infeed.

Power Flow Case

The transient stability analysis was performed on the future peak load flow case (approximately 1625
MW Island load without the refinery) with maximum generation dispatched at Bay d’Espoir. The
230kV Bay d’Espoir-Sunnyside lines (TL202 and TL206) were modeled with 50% series
compensation. No other system upgrades were modeled (e.g. SVCs or new lines) in the evaluation,
with the exception of varying amounts of synchronous condensers at Soldiers Pond. All synchronous
condensers at Holyrood were in-service.

VSC model in PSSE

A vendor-supplied VSC model for PSSE was used in the transient stability analysis. For the sake of
simplicity during this preliminary evaluation, the VSC HVDC link was modeled as a two-terminal
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link from Gull Island to Soldiers Pond rather than a three-terminal link. There should not be
significant impact in making this simplification as far as the Island system performance is concerned.

The vendor-supplied VSC model is not yet programmed and tested to operate in the bipolar
overhead line configuration. However, for the purposes of this preliminary evaluation, the VSC
model as it is (i.e. intended to represent cable installations) was used with minor modifications to
emulate the bipolar overhead line configuration that would be applicable in the Lower Churchill
Project.

In order to account for the 2.0 pu 10-minute overload requirement of the Soldiers Pond terminal,
each pole of the VSC link must be capable of carrying the full 800 MW for 10 minutes. As a VSC
does not have an inherent overload capability, each pole must be rated for the full 800 MW in case
of an outage of the other pole.

The closest VSC rating (bipolar overhead line configuration) to what would be required for the
Lower Churchill Project that is currently available from one VSC vendor is +/- 640 kV 1518 MVA
(1.186 kA). It is realized that this dc voltage is too high for the Lower Churchill Project, however this
is the MVA rating closest to what is required and for purposes of preliminary evaluation it is not
expected that it will have a significant impact on the dynamic performance of the system.

Of the monopolar cable configurations readily available in the vendor-supplied VSC model package,
the closest is one rated for 796 MVA at +/- 320 kV dc. Therefore, the bipolar VSC link was emulated
by putting two of these 796 MVA VSC models between Gull Island and Soldiers Pond for a total
MVA rating of 1592 MVA.

After approximating the losses associated with the VSC link, 750 MW was injected at the Soldiers
Pond bus. Please note however that losses will be largely impacted by dc voltage and the actual VSC
converter rating that would be installed. It is assumed for this preliminary analysis that losses will not
greatly impact the dynamic performance.

With each pole operating at 375 MW, or 0.5 pu, the VSC reactive power capability per pole at this
operating point is approximately +374/-398 MVAR.

It should be noted that if operating closer to 1.0 pu power (i.e. when one pole is out of service), the
reactive capability of the VSC is greatly reduced to approximately +60/-220 MVAR, which would
affect the system performance.

Contingencies

The transient stability analysis of the bipolar VSC infeed was evaluated for the fault conditions
described in Table 4.1 below.
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Table 4.1
Contingencies
Fault Description
BDE-SSD 100ms, 3Ph fault at BDE cleared by tripping one of BDE-SSD lines
SSD-BDE 100ms, 3Ph fault at SSD cleared by tripping one of BDE-SSD lines
SP-WAV 100ms, 3Ph fault at SP cleared by tripping one of SP-WAYV lines
SP Sync 100ms, 3Ph fault at SP cleared by tripping one of 150MVA synchronous condensers

DC Pole fault To emulate a VSC DC pole fault, a 60ms fault is applied on the ac filter bus of one of
the VSC poles (i.e. on the VSC side of one of the converter transformers) through an
impedance equal to the ac phase reactors. To emulate the restart of the DC pole, the
faulted VSC pole is kept blocked (i.e. zero power) for 500ms from fault inception and
then released.

4.3.4 Simulation Results

It was found that with the Soldiers Pond infeed modeling VSC technology, all simulations were stable
and the post-fault voltages were within acceptable limits for all of the contingencies described in
Table 4.1 without any synchronous condensers operating at Soldiers Pond and without any new
synchronous condensers elsewhere in the Island system (with the exception of the Holyrood
machines running as synchronous condensers).

The minimum transient undervoltages for the contingencies described in Table 4.1 are summarized

in Table 4.2.
Table 4.2
Minimum Transient Undervoltages and System Stability Following Fault Clearing
Fault Minimum Transient Undervoltage (pu) | System Status
Location BDE SSD WAV SP
BDE-SSD 0.749 0.773 0.824 0.913 stable
SSD-BDE 0.875 0.857 0.878 0.935 stable
SP-WAV 0.898 0.847 0.839 0.885 stable
DC pole fault 0.954 0.883 0.881 0.919 stable

The 3-phase fault at Bay d’Espoir on one of the Bay d’Espoir (BDE) — Sunnyside lines (SSD) (TL202 or
TL206) was the worst-case fault in the studies involving the line-commutated converter because this
fault resulted in temporary loss of the Bay d’Espoir generation and a simultaneous commutation
failure at Soldiers Pond and subsequent temporary loss of the HVDC power infeed which resulted in
a severe decay in system frequency. Using VSC converters at Soldiers Pond means that the HVDC
power will still be available during this Bay d’Espoir fault because a VSC does not fail commutation
and can continue to inject power at reduced AC voltage. Therefore this fault is no longer as
significant an issue with the VSC.

The DC pole-ground fault results in the total loss of one pole for 500 ms. Even without modeling any
frequency control on the other pole, i.e. to pick up the slack of the faulted pole, the system response
is stable and within criteria.

If the entire power were lost from both poles for 500 ms, the system would require 2x150 MVA
synchronous condensers in order to recover from this fault. This would be in the very rare case of a
pole-pole fault, assuming the VSC could even recover from such a fault.
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4.3.5 Conclusions and Recommendations

The voltage source converter (VSC) option for the Lower Churchill Project has shown good transient
stability performance of the system for the expected worst contingencies that were studied. The 50%
series compensation on the two Bay d’Espoir-Sunnyside lines (TL202 and TL206) has been included
in the power flow case considered. In addition, all Holyrood machines were modeled in-service.
The following conclusions can be made based on the preliminary analysis.

e The bipolar VSC link (modeled as 2 x 796 MVA) has shown good performance for the expected
worst contingencies that were considered without any new synchronous condensers installed in
the Island system. The system has also recovered well from a DC pole fault. Further, the post-
fault transient undervoltages were within the required transient undervoltage criteria. The VSC as
rated in this evaluation (i.e. 2x796 MVA) provides an additional advantage that the system could
be operated at full power continuously during a single pole failure.

The ability of the VSC to continue to provide power to the Island during reduced AC voltage
(because it does not fail commutation) allows the large system frequency decays to be avoided. In
addition, the large reactive power capability of the VSC (especially when operating near 0.5 pu
power) assists in system voltage recovery following faults. Both of these facts provide a significant
advantage to the Island system performance compared to the line-commutated converter technology.

Based on the promising results seen from these preliminary transient stability simulations, it is
recommended to perform a more complete evaluation of VSC technology for the Soldiers Pond
terminal.
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Conclusions

This high level evaluation of the VSC converters for the HVdc system showed the following:

e The rating at Gull Island can be better realized using a conventional LCC converter.
e The rating at Soldiers Pond can be achieved using a VSC converter.

e The rating at Salisbury can be achieved using a VSC converter.

e The HVdc cable will still be a mass impregnated cable.

e Results of preliminary transient stability simulations showed an overall improvement in system
performance for all ac and dc faults that were studied with fewer synchronous condensers than
required for the LCC technology.
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Recommendations

The application of VSC technology for the Lower Churchill Project should be considered; however, a
more in-depth performance study should be undertaken.

Based on promising results seen from preliminary transient stability simulations, it is recommended
to perform a more complete performance evaluation of VSC technology for the Soldiers Pond

terminal.
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Appendix D

HVdc and ac Transmission Lines in Close Proximity
Interaction Issues Final Report
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Introduction

This white paper presents a high level qualitative review of issues related to the application of HVdc
and ac transmission lines in close proximity. The paper was prepared in response to a request
received by Hatch from Nalcor Energy related to the Lower Churchill Project. In particular, an
alternate route for the HVdc transmission line is being considered which would have the HVdc
transmission line located within an existing right of way on the Island of Newfoundland currently
occupied by existing 138kV and 66kV ac lines. Use of the existing right of way would require that
the HVdc line run in close proximity to the ac lines on separate structures, use a common structure,
or require the direct burial of the ac lines with the HVdc line running on top on its own structure.

A number of articles are available on the subject of the interactions of HVdc and ac transmission
lines located in close proximity to each other. Most papers consider the interactions between lines
located within a common right of way but installed on separate towers [1, 2, 3, 4], while others
consider hybrid configurations (HVdc and ac lines on a common tower) [5, 6, 71.

Very few hybrid lines (HVdc and ac conductors on the same tower) have been built. One example is
the National HVdc project in India which was an experimental project where one circuit of an
existing double circuit 220kV ac line was converted to an HVdc line [8]. The HVdc line initially
operated as a monopole with a dc voltage of 100kV and a power transfer capability of T00MW.

HVdc and ac lines on separate structures in close proximity within the same right of way is more

common. Examples of this include the Hydro Quebec — New England HVdc line, the Nelson River
HVdc lines in Manitoba, and the Tian-Guang HVdc line in China. In these cases the HVdc lines run
in close proximity to HVac lines on separate structures for a portion of the overall HVdc line length.

The purpose of this paper is to identify potential issues related to the application of HVdc and ac
transmission lines in close proximity.
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HVdc and AC Line Interactions

When considering locating HVdc and ac lines in close proximity it is necessary to consider the
effects of the ac circuit on the dc circuit and vice versa; under both steady state and transient
conditions. In addition, consideration must be given to the physical implementation of such a
system.

In general it can be stated that as the HVdc line is located closer to the ac line and the coupled
section length increases, the HVdc and ac line interactions are more pronounced.

Steady State Effects
AC/DC Coupling

When an HVdc transmission line is situated in close proximity to a parallel ac transmission line,
steady-state induction effects lead to a power frequency current flowing in the HVdc line. The
coupling of an ac fundamental component onto the HVdc system can have the following impacts:

e Converter Transformer Saturation and Harmonic Generation - A fundamental frequency current
flowing on the dc side of the converter will be seen as a second harmonic and a dc component
in the converter transformer ac system side winding. A dc component in the ac system side
winding of the converter transformer can lead to half cycle saturation which results in the
generation of a broad spectrum of harmonics into both the ac and dc systems [1, 4].

e AC and DC Filter Design - The harmonics resulting from the saturation of the converter
transformers pose difficulties in design of both the ac and dc filters, requiring increased filter
component ratings. Additional harmonics may also lead to increased interference on telephone
communication systems.

e Converter Transformer Loss of Life - Increased heating of the converter transformer must be
accounted for in order to avoid loss of life.

e Increased Audible Noise - Converter transformer audible noise levels may be substantially higher
than usual.

e HVdc Control and Protection — An ac component on the dc side may adversely affect the control
and protection scheme of the HVdc system including the measurement devices used.

e Transformer Protection — Transformer protection may be adversely affected by the increased
harmonics.

e Neutral Point Voltage Increase — The neutral point voltage impacts equipment insulation levels.

Possible mitigation includes the application of fundamental frequency blocking filters in order to
reduce the magnitude of the fundamental frequency component current flowing within the dc system
and the application of modulation functions to the HVdc controls.
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2.1.2 Corona and Field Effects

2.2

The proximity between conductors energized with ac and HVdc voltages causes changes in
conductor surface gradients and the electrical environment in the vicinity of the lines. Corona, and
both the ac and dc electric field effects may be affected. Calculation of conductor surface gradients is
more complex than for individual ac or HVdc lines. In general, when HVdc and ac lines are placed
in close proximity they interact to produce levels of corona and electric field effects which depart
from the simple superposition of the effects of the two lines acting separately [2].

Transient Events

Transient events include both ac and dc faults and controlled changes of the HVdc operating point.
Transient events can have the following impacts:

e Overvoltages on the HVdc line due to ac and dc Faults — The voltage induced on the HVdc
system as a result of a fault on the ac system can generate lightly damped fundamental frequency
overvoltages, excite resonance conditions in the ac and dc systems, and cause dc currents to
flow in the converter transformers. If fundamental frequency blocking filters are used in the
HVdc system then faults on the converter ac system can result in a fundamental frequency
oscillation in this tuned filter resulting in a significant fundamental frequency overvoltage [6].
The application of an arrestor across the blocking filter is required in order to limit the neutral
point voltage.

e Delayed dc Fault Clearing — Fundamental frequency coupling from the ac line to the HVdc line
interferes with the clearing of dc line faults [7]. Even though the dc current in the fault arc can be
brought to zero by the HVdc controls, fundamental frequency secondary arc current can delay
the clearing of the fault.

e Impact of HVdc Faults on ac Lines — HVdc pole to ground faults can have an appreciable impact
on ac current. ac system protections may need to be reviewed in order to avoid false operation.

e Controlled Changes in HVdc Operating Point — Controlled changes in HVdc operating point
include both controlled power order changes and changes in operating mode such as normal
bipolar operation to ground return. Controlled power order changes will result in a change in dc
current which in turn will impact the ac current in a similar fashion to a dc line fault. Operation
in ground return mode has the potential to cause large zero sequence transients in ac lines due
to transients in the HVdc earth return circuit such as the switch from metallic return to ground
return operation [9, 10]. The transition of the HVdc system from normal to ground return
operation can result in the incorrect operation of ac ground current detection relays.

e  Faults between the HVdc and ac Lines — A fault between a conductor in the HVdc and ac line
can result in a severe stress on the ac system which must be mitigated. Clearing of the fault will
require the operation of the ac circuit breakers and operation of the HVdc line fault detection.
Most HVdc systems with overhead lines include an automatic restart in the event of dc line
faults. In the event of a permanent fault between the HVdc conductor and the ac conductor, the
ac conductor would remain charged up to the full dc voltage following the HVdc restart. This
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could pose a hazard to both personnel and equipment and suitable measures would have to be
taken to avoid the potential for such a situation [6].

2.3  Physical Considerations
Physical considerations include the following:
e  Aesthetics — Tower configuration for hybrid HVdc and ac line configuration will be determined

partially by the required clearances between the HVdc conductors, ac conductors, the tower,
and ground.

e Live Line Maintenance — Live line maintenance procedures will have to be modified to account
for HVdc and ac conductors on a common tower.

e Impact of Tower Failure — The impact of a tower failure in the case of HVdc and ac lines on a
common tower must be considered.
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Identification of Issues and Mitigation

In order to clearly identify the issues which arise from the alternate line route for the Lower Churchill
Project and determine suitable mitigation measures, a two part study is required.

The first part of the study should address the physical line parameters and configuration in order to
ensure acceptable corona and field effects for the proposed transmission line route. It is estimated
that such a study would take approximately three (3) months to complete.

The second part of the study should address the steady state and transient performance issues in
order to provide sufficient information required for the design of the HVdc and its control and
protection systems. It is estimated that such a study would take approximately two (2) months to
complete. It should be noted that the second part of the study can only be undertaken once a likely
candidate line configuration had been identified.

Additional studies would be required to ensure that existing ac system protections are adequate, or
whether modifications would be required.
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Technical Opinion

Based on the available literature and current industry experience the use of a hybrid line with the
HVdc and ac conductors on a common tower may not be suitable for the proposed line route;
mainly due to the potential for a high level of interaction between the lines and the potential for
HVdc to ac conductor faults. In situations where the use of common towers would be for very short
distances, the risk of an HVdc to ac conductor fault may be acceptable, however in the case of the
proposed line route the distance is great enough that the risk of such a fault may be a determining
factor.

The use of HVdc and ac lines in close proximity on separate towers may be suitable if an acceptable
separation can be maintained. The suitability of this option would require detailed studies in order to
determine potential candidate line configurations and any required mitigation measures to ensure
acceptable performance of the integrated HVdc and ac systems. Current industry experience can be
used as a starting point for determining a potential minimum separation distance between the HVdc
and ac lines. Once this is identified the suitability of the existing right of way can be better assessed.

The use of a direct buried ac cable with the HVdc on towers on the same right of way may be
suitable however studies would be required to determine the potential effects of HVdc ground faults
on the buried ac cable.
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Appendix E
Stability Plots for DC1210 Bipole Block Impact Study
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SYSTEM | NTEGRATI ON STUDY -
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