Zlnno®C

o
INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC
GRIDS

Deliverable 3.1 — Work Package 3:
Report on the review and evaluation of DC and AC grid
operation and interactions in different time frames.

WP3 leader KU Leuven
Dissemination level Public

Website http://innodc.org/

Grant Agreement number | 765585

Due delivery Month 12: 31 August 2018
Project dates 01/09/2017 — 31/08/2021




s : Deliverable 3.1

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

List of Contributors

Cardiff University Wei Liu, Jun Liang
Elia System Operator =~ Nathalia de Morais Dias Campos
KU Leuven Vaishally Bhardwaj, Jef Beerten,

Dirk Van Hertem, Hakan Ergun
Universitat Politécnica Saman Dadjo Tavakoli, Fduardo Prieto,
de Catalunya Oriol Gomis
U.Porto Emily Maggioli, Hélder Leite

Early stage researchers (ESRs) in bold, supervisors in italic.



s : Deliverable 3.1

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

Summary

Power systems have been facing changes due to the introduction
of renewable energy, distributed generation and HVDC. There has
been a shift from traditional AC grids to hybrid AC and DC systems,
introducing new challenges and making it crucial to reconsider power
system operation in its various domains. In view of this new scenario,
this report attempts to provide an insight into the challenges and state-
of-the-art with respect to reliability, stability, protection and control
of hybrid AC/DC grids. The relevant time frames and the modelling
complexity required for studies in each domain are also discussed.
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Part 1
Introduction

The latest years have seen a shift of the modern electrical grids towards dis-
tributed generation, renewable energy and HVDC. The goals of cutting back
on carbon dioxide emissions set by different countries have pushed forward
the use of renewable energy sources which have been integrating into the
grid on both distribution and transmission levels. On the other hand, the in-
creased connectivity between TSOs, the distance of the connections and the
need to integrate offshore wind power have led to HVDC technology being
regarded as a key grid enabler that would facilitate the management of future
power systems with high amount of renewable generation in a cost-effective
manner.

Traditionally, power systems have been mostly based on AC transmis-
sion with few back-to-back HVDC interconnections. Thus, the operational
framework and system design were based on the characteristics of the pre-
dominant AC system. With the large-scale development of HVDC grids and
the increasing use of power electronic-interfaced sources, power systems are
witnessing major structural changes. The integration of HVDC systems into
the existing grid is leading to faster dynamics and increasing the controlla-
bility of the overall system. Thus, it is crucial to reconsider power system
operation from the point of view of hybrid AC/DC grids.

Some of the challenges observed today include, but are not limited to:

Reliability As the currently applied N-1 reliability criterion does not cap-
ture the actual probability of the occurrence of a contingency, it may lead to
either situations of higher costs (conservative security margins) or of higher
risks. Moreover, there is an upsurge in the system uncertainties due to in-
creased penetration of the renewable energy sources and intra-day markets.
Thus, there is a need to shift to probabilistic reliability criteria for an opti-
mal trade-off between costs of measures and risk. Large-scale development of
HVDC grids and their characteristic flexibility are being seen as a key facilita-
tor in realizing reliable and economic AC/DC grid operation and mitigating
operational uncertainty. Thus, it has become imperative to incorporate the
controllable HVDC elements into the security assessment process. However,
there are many challenges that need to be addressed with respect to op-
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erational framework of AC/DC grid reliability. The Security Constrained
Optimal Power Flow (SCOPF), which is used for the reliability assessment,
represents a non-linear, non-convex problem with large computational size
with large number of discrete variables as well as variety of corrective control
strategies.

Stability The increased number of power electronic devices in the grid
has blurred the traditional distinction of which type of simulation software
is appropriate for different system studies. More in particular, the high
frequency interactions between converters and between converters and the
grid are making that models that were previously considered to be valid for
typical stability studies might no longer be valid. Furthermore, modelling
a large power system in detail using models suitable for a large frequency
range might not only be prohibitive in terms of computation time but could
also require details about components that might not be available due to
proprietary restrictions. Therefore, further research is necessary to determine
what types of studies can be performed with each tool for power systems with
a high penetration of power electronics and to what extent the models used
today are accurate.

AC protection One of the issues with using new technology is the impact
on the existing infrastructures. When the AC grid is considered, and more
specifically the AC protection, it is not clear whether the parameters of the
AC transmission grid require adjusting and how this could be determined.
Another point to consider is the interaction between AC-DC networks. Nu-
merous studies have been made on that topic, but this is not fully known
to what extent it could impact power system protection of the connected
countries (including the communication networks between relays and opera-
tors, or between relays). Lastly, it is necessary to consider the simplifications
made to the grid models for studying AC-DC grids. One of the issues raised
is whether the simplifications used are still accurate enough to capture all
the needed details and interactions in the system.

DC protection DC fault fault currents have no zero crossings which makes
it difficult for traditional circuit breakers to interrupt the fault currents.
Therefore, there is a need to develop more complex (and hence more costly)
DC circuit breakers to clear the DC faults. Another challenge of DC protec-
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tion is that the DC faults propagate faster than in an AC system due to the
low impedance in DC grids. As a consequence, much larger fault currents
and lower voltage magnitudes occur during a DC fault compared with AC
system faults. Locating the DC faults is also a challenge. Most parts of a
DC grid can see the DC faults in a short time. The risk of losing the whole
DC grid is high if the protection system is not working well.

Control Power-electronic converters lie at the heart of every HVDC sys-
tem. Their control systems have to be designed to resist most severe distur-
bances and maintain overall stability of HVDC system in various working
conditions. One of the challenges is how to design the control system of
an individual converter while considering the dynamics of other converters,
high-voltage cables, and other major components of HVDC systems. The
interactions between the control systems of ac-dc or de-de converters in dif-
ferent locations of HVDC system play a major role in the overall stability
of the system. A methodology has to be found to systematically include the
impacts of all major parameters in the controller design procedure. Yet, the
controller should remain simple enough to be practically implemented.

This report provides an insight into the state-of-the-art associated with
the current challenges in the operation of hybrid AC/DC grids in all the
various domains discussed above. Each of these domains deals with AC-
DC grid phenomena in specific time frames that require different levels of
modelling complexity of the same power system components. The required
modelling details for each type of study are discussed throughout the report.
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Part II
Reliability and Stability of
AC/DC Systems

1 Reliable Operation

Vaishally Bhardwaj (supervised by Dirk Van Hertem and Hakan
Ergun)

1.1 State of the art with respect to reliability assess-
ment and grid operation

In its broadest sense, power system reliability is defined to be the ability of
the system to supply adequate electric service on a nearly continuous ba-
sis with few interruptions over an extended period of time [1|. It comprises
of two characteristics: power system security and power system adequacy
[2]. While power system security refers to the capability to withstand sud-
den disturbances,/ contingencies such as the loss of one or multiple elements
e.g. generators, transmission lines, etc., power system adequacy indicates
the ability of the system to supply electrical power to the consumers at all
times, including the scheduled as well the unscheduled outages of the system
components [3].

Reliable operation of the power system essentially involves taking a se-
quence of decisions while considering uncertainty. It entails meeting an ex-
pected level of reliability, determined or set through a reliability criterion
while minimizing the overall socio-economic costs of doing so. A reliability
criterion may be of deterministic nature wherein only the consequences of
the contingencies is considered [4]. On the other hand, a probabilistic relia-
bility criterion inherently accounts for the severity as well as the probability
of occurrence of the contingencies [5].

The current reliability planning and operation in Europe is based mostly
on the deterministic N-1 reliability criterion [4]. According to this principle,

10



i £ ' Deliverable 3.1

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

the system should be able to withstand at all times a credible contingency
i.e., the unexpected failure or outage of a single system component (such
as a line, transformer, or generator), such that the system is capable of
accommodating the new operational situation without violating operational
security limits [6].

There are however, different practical interpretations/ implementations of
the N-1 criterion between different TSOs and between different time horizons
[4]. There are also situations wherein the criteria of N-0 (when N-1 is too
expensive) or N-1-1 (stricter) may be implemented. N-0 implies that there is
no load curtailment or violation of operational limits in the N-0 system state
for the forecast value of real-time load. In case of N-1-1 security, the system is
assessed for a sequence of events consisting of a primary contingency followed
by a specific secondary contingency. This also applies to situations where a
system contingency may be followed by some loss of load. With respect to the
use of probabilistic methods for reliable planning and operation, the North
American Electric Reliability Corporation, NERC has started carrying out
probabilistic assessments in North America and have gained some experience
with respect to transmission systems [4].

Each TSO within the ENTSO-E system is responsible for maintaining
reliable operation in their control area over a reasonable future time period
in view of real-time conditions [6]. This also implies that in the event of any
contingency, the operational situation within a TSO’s control area must not
trigger uncontrollable cascading outage/s that propagate across the borders.
Based on the specific operational situation, the power system can be said
to be in one of the following system states, wherein each state calls for a
different urgency of actions:

In the “Normal” state, the system is within the operational security limits
in the N-0 Situation as well as after the occurrence of any contingency from
the contingency list, taking into account the effect of the available remedial
measures and thus, the security margin reserves.

The “Alert” state highlights the situation where the system is within
the operational security limits, however in case of a contingency occurrence,
the available remedial actions/ security margins are not sufficient enough to
ensure N-1 security.

The “Emergency” scenario refers to the deteriorated state of the system in
which there is a violation of the operational limits and there is no guarantee
to the global security of the interconnected grid.

“Blackout State” system state is characterized by the collapse of a part

11
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Figure 1: Different system states as per Continental Europe Operational
Handbook Policy 5 on Emergency Operations [7].

(partial blackout) or all of the transmission system (total blackout). Measures
such as load shedding and controlled system separation may be utilized in
order to prevent as much of the system from a widespread blackout.

Both the “Emergency” and the “Blackout” states activate the “Restora-
tion” process with the objective to re-establish the normal system operation
and regain operational security.

Two types of approaches can be considered while ensuring reliable grid
operation [8]:

1. Preventive security: In this case, the preventive control measures

ensure N-1 security. Thus, the power system is managed in such a
manner that well ahead of the actual operation (typically day-ahead),
the system is scheduled so that there are no constraint violations in the
power system after the occurrence of a contingency and the resulting
automatic control responses in real-time[9.

Preventive-corrective security: Here, a two-stage decision-making
is involved, wherein both preventive and fast-corrective actions (after
the contingency) are utilized to remove the violated limits in specific
time. As with the preventive security management, the power system
is assessed ahead of real-time to investigate whether the real-time oper-
ation is within bounds. It allows for the use of fast corrective actions in
real-time to correct the cases where the forecasts indicate that N-1 op-

12
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eration is not achieved (but N-0 is) and specific fast corrective actions
lead to a new and acceptable state.

In a preventive N-1 secure system, a line contingency has to be allowed
without changing the economic dispatch or performing load curtailment. On
the other hand, a preventive-corrective approach allows for the violation of
the operational limits for a short time interval without damaging the equip-
ment, after which the corrective control kicks in and restores secure system
state. Thus, preventive security is more stringent than preventive-corrective
security [10]. The latter represents a good trade-off between the cost and
the amount of security margins and is getting more relevant in the present
context of higher volatility from renewable generation, development of smart
grids and the increasing flexibility of demand [11], [12].

Economic operation has always been a major objective of power system
management. With the power sector becoming more and more competitive,
it is expected to maximize the utilization of the installed assets without
sacrificing quality. In this context, Optimal Power Flow (OPF) approach
has been used for a long time for addressing the issue of cost-effective power
system operation. However, it is equally important to maintain a designated
level of security and reserves in the power system. Normally, the objectives
of optimality and security are conflicting to each other [13]. Thus, it is
necessary to include the system security constraints into the OPF problem
in order to obtain solutions that allow operation at least cost while ensuring
reliability. With increasing uncertainties in the power system operations,
coming from the volatility of renewables and characteristics of liberalized
markets, the application of contingency-constrained or Security-Constrained
Optimal Power Flow (SCOPF) for reliable solutions in the short-term time
frame is becoming extremely pertinent.

A SCOPF is an optimal power flow problem with additional security
constraints and involves the minimization of the objective function (e.g. op-
eration cost) by re-dispatching some controllable measures within their limits
such that the operational constraints are met in the base case as well as over
a set of credible contingencies [12]. It is a non-linear, non-convex, large scale
optimization problem with continuous and discrete variables and identifies
with the category of Mixed Integer Non-Linear Programming (MINLP).

13
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1.2 Time frames for Reliability Management

Reliability management for a power system encompasses three broad time
horizons, long-term system development (planning), mid-term planning (as-
set management) and short-term system operation (scheduling) [2], each in-
volving a series of activities and the participation of various stakeholders.
Thus, the entire time frame covered by the reliability management ranges
from year(s)-ahead planning up to real-time operation [14]. The same can
be visualized in Figure 2.

( Long-term ) ( Mid-term )

System i N!a nagement & Operational Real-time
Development aliiie e Planning Operation

scheduling

Days, h , minutes,
Months, Year(1) [ ays r::ltii:emu es j

® (Capadity forecast and
allocation.
® Steady-state operating

e Scenario development.
e |dentification of policy

options and weak points ® Resource adequacy and L .
x - conditions requiring
in the system. grid development gaps. R
. . i preventive control and
* Co-ordinated and * |mplementation of grid . .

- X security constrained
optimized grid development & plan. iR
development proposal * Asset management. E .

X . . * Generation commitment
based on cost-benefit e Planning of maintenance .
. and market clearing.
analysis. schedule. . .
R X ® Optimized re-dispatch
* Unit commitment . .
and corrective control in
models.

real-time.

Lower uncertainty

. . Few available actions
High resource uncertainty

Many possible actions

Figure 2: Different time horizons for Reliability Management [14].

While the long-term planning focuses on the development of a coordi-
nated and an optimized expansion plan, the mid-term management directs
at identifying resource adequacy and system development gaps, asset man-
agement and the planning of maintenance schedules. The short-term system
operation comprises of the processes and decisions that enable the system
to serve power reliably and economically in the real-time and is divided into
operational planning and real-time operations [15].

14
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The operational planning of the system starts from months to days in
advance with a view to consider the maintenance plans, prepare generation
schedules and analyze available power transfer capacities. Moving towards
the actual operations, the TSOs utilize the best forecast of their individual
grid situation from 2 days in advance (D-2) in D2CF files to determine the
capacity allocation and thus, the available transfer capacity. One day before
the actual operation (D-1), energy is traded in the day-ahead market (DAM)
while considering the long-term contracts and the available transfer capacities
between the different bidding zones. The participants submit bids in the
DAM based on this available capacity until gate closure.

) Coordination Coordination
Capacity forecast 1 day ahead Intraday
IDCF

Capacity orrective
Market big - i

Load and generators

D-2 D-1 now

Figure 3: Overview of reliable grid operation [16].

The TSOs then consider the submitted bids and prepare the day-ahead
congestion forecasts (DACF) in order to ascertain if the provided schedules
can be maintained or if any control measures need to be undertaken. The
DACF files reflect the grid conditions with hourly granularity and also con-
sider the generation forecasts of the renewable sources. They are utilized
to perform a security-constrained optimization and thereby identify, in cases
of any violations, the necessary preventive control measures that need to be
taken in order to ensure secure operation. Conversely, the TSO may also
decide to undertake the risk of the violations and plan for corrective mea-
sures later in case of a contingency. The measures can either be in the form
of market actions such as re-dispatch or as TSO control actions such as the
changes in the set-points of controllable devices or network topology.

Within the purview of intra-day reliability assessment, the T'SO is respon-
sible for monitoring the grid situation and to manage the standard operations.
However, when subjected to contingencies, the TSO is required to enforce
some corrective measures or even load shedding in severe cases to facilitate

15
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secure grid operation.

1.3 Drivers for re-assessing the security criterion
1.3.1 Shortcomings of N-1 criterion

While the N-1 criterion has been used by the TSOs for enabling reliable
planning and operation, there is an emerging need to move towards more
comprehensive and probabilistic criteria due to the following reasons:

i There is no common definition of N-1 criterion and thus, it is differently
interpreted by different TSOs. There may also be deviations from the
criterion in different time horizons [2], [4].

ii As a deterministic reliability criterion, it does not consider the proba-
bilities of the contingencies and they are assumed to be of equal severity
and probability [8], [17], [18].

iii The N-1 criterion also does not provide an economic incentive as the
costs for corrective actions in case of a contingency are not considered,
implying the underlying assumption that the likelihood of usage of
corrective actions is low and that they lead to negligible costs in the
long-term [12].

iv The criteria may result in inconsistent decision-making as it may lead
to higher costs if low-risk cases may be included in studies and higher
risks if high failure probability cases are omitted from studies [5], [8].

v It does not account for the stochastic nature of failure of grid elements
or the inter-dependencies between different incidents [8].

vi With increasing penetration of the distributed Renewable Energy Sources
(RES) and the associated uncertainty, N-1 criterion can only provide
limited perspective on grid security [11], [17].

1.3.2 Increased penetration of RES and changing demand pat-
terns

As more and more RES get integrated with the existing grid, they introduce
significant amount of uncertainty into the system [12]. There is also the

16
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inclusion of complex control such as through HVDC links and FACTS devices
in order to manage the variable behavior of the RES. Other factors such as the
introduction of intra-day electricity markets and changing demand patterns
have also increased the complexity for the operation as well as the operational
planning of the grid.

With the increase in RES and associated uncertainty, it is now expected to
consider additional credible contingencies in the contingency list to account
for large variations in power injections. This also implies the identification of
possible corresponding corrective measures for such injection based contin-
gencies. These assessments would be highly dependent on the time frame of
consideration as well as other variables e.g. weather indices, market prices.

As the control areas get more and more interconnected, the possibility
for cascaded failures increases and thus, the need for N-k instead of N-1 is
being debated for appropriate reliability assessment. The static nature and
equal probabilities of the contingencies can also not be considered as they
leave out the impact of uncertainty:.

Owing to the ongoing changes in the power grids, there is a corresponding
escalation in the uncertainties associated with the generation/load forecasts
as well as the markets. Thus, the present methodology may not be suffi-
cient /effective for analyzing grid reliability and an urgent need to shift to
risk-based or probabilistic reliability assessment criteria for the grid is fore-
seen. With large-scale development of the HVDC grids and their enhanced
control capabilities, it is also imperative to utilize the available flexibility
from HVDC grid elements into the existing reliability assessment problem
and to consider the contingencies in the HVDC grid. Thus, the futuristic
grid operation calls for a comprehensive reliability assessment of the AC/DC
hybrid grid in short-term time frames while considering the effect of uncer-
tainty.

1.4 Probabilistic/ Risk-based reliability assessment

There is always some form of uncertainty generally associated with power
system operations. This maybe due to the uncertainties in the load, gener-
ation as well as network topology. With greater RES generation and smart
grid features, these uncertainties have increased manifold. The uncertainty
cloud around the system operating point leads to either the consideration
of larger security margins at the expense of the market or to operate much
closer to the limits so as to escalate the risks. Thus, reliable grid operation

17
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can be essentially considered as a form of risk management [14].

It is also seen that while some contingencies are of high probability and
lower severity, there are also others with greater impact on system reliability
and yet lower likelihood of occurrence [19]. Thus, the TSO must consider
remedial measures for the more probable events in the system and define
security margins for handling them. However, for rarer and bigger contin-
gencies with lower probability, it can tolerate some amount of risk in the form
of system degradation but eventually decrease the adverse effects on grid re-
liability. Thus, TSOs have to decide for an optimized operational situation
that offers the best quality /continuity of supply such that the costs for the
measures are lower than the cost of the risk associated with the contingencies.

It has been established that probabilistic reliability criteria are crucial for
ensuring grid reliability in the current situation dominated by the RES and
other smart grid characteristics. As these criteria incorporate the likelihood
of the occurrence of the contingencies, they provide a better estimation of
the actual grid reliability.

One of the ways to formulate the risk is described below [19]. The risk
associated with an event ¢ can be given as follows:

R, =P, - S, (1)

where R; is the risk associated to the event ¢, P; is the likelihood of the event
i for a given unit of time (namely an hour) and S; is the severity associated
with the event 7, expressed in terms of energy not supplied. The severity is
further given as:

where G; is the gravity associated to the event ¢ and is equal to violation of
the operational criteria expressed in terms of interrupted power (MW). D
is the restoration time associated to the event ¢ and is the time needed to
restore the full load if the event takes place.

Based on above formulation, the mean risk per day may be defined by
considering a factor of frequency of exposure as follows:

Ri =P S f; (3)

where f; is the frequency of exposure associated to the event ¢ and is measured
as a percentage of the period of analysis where the event will lead to the
evaluated severity.
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Finally, the cost of the involved risk can be determined as follows:
CZ- = Ri *CENS (4>

where C; = cost of the risk, R; is the risk per day and cgyg is the estimated
cost of the energy not supplied.

The above definition for risk and its corresponding costs is based on the
measure of energy that would be supplied to the end users if the interrup-
tion does not occur. However, there are many other reliability indicators 2]
that may be utilized under this general definition of risk and thus, the risk
assessment is highly dependent on the choice of the indicators.

It is also pertinent to mention that the above definition does not consider
the fact that some loads are more critical than the others and thus, an indi-
cator such as the Value of Lost Load (VOLL) would give a better assessment
of the severity associated with the event based on the type and relevance of
load.

Employing controllable devices in power system operation can immensely
help in handling uncertainty and operating closer to the limits while still
maintaining reliability [13]. This can be illustrated with the help of Figure
4(a), wherein the system is initially operating at point A. The gray cloud
represents the uncertainty og in the actual position of the system operating
point.

initial g I : _alert state
N-1 >

state P 3
_—:; ; S _correct
., state

(a) (b)

Figure 4: Managing uncertainty with controllable devices [14].

On increasing the power transfer between two zones, the system oper-
ating point shifts to point B, which is close to the N-1 security boundary.
This operational state corresponds to a power transfer Pr. Owing to the
uncertainty in actual position, the probability or risk of being outside the
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reliability limits is given by r. On increasing the power transfer even more
(Pr+ APr), the system moves to new operating point C outside the reliabil-
ity limit and thus, with higher risk. If in such a situation, the capabilities of
the controllable power system devices e.g. HVDC elements are exploited, the
system can be shifted to a new point D wherein the higher power transfer can
still be managed with lower risk, equal to that at point B. Thus, the control-
lable devices aid in better utilization of the existing grid infrastructure while
considering reliability. The controllability of the respective devices is also
useful in bringing back the system to a normal (N-1 secure) state when the
uncertainty cloud might itself lead to a security violation as seen in Figure

A(b).

1.5 HVDC as grid enabler for reliable operation

HVDC systems are characterized by their fast and robust control. With the
ongoing development of HVDC grids, it is possible to have fully controllable
injections as well as better reliability due to provision of alternative power
flow paths. The exchanges between the AC and the DC grids are also com-
pletely controllable. Thus, if smart control strategies are implemented, it
can lead to optimal usage of the installed assets and decrease the required
investments needed in AC/DC grids.

By controlling the set-points for the converters, the power flows in both
the AC as well as the DC systems can be influenced. This can be seen with
the help of Figure 5, where a shift in the power injection from one HVDC
node to another causes corresponding power flows in the AC/DC grid. This
can be considered as a re-dispatch of power and can be realized by ensuring
that the net sum of the injections for each synchronous zone is equal to zero.

The above flexibility in controlling power injections can aid in increas-
ing power transmission capacities between different zones either directly by
changing the DC power flows or indirectly by relieving congestion in another
part of the grid [14]. Controllable HVDC links can also be considered for
implementing preventive measures during the reliability assessment studies
for AC/DC grids. As the operating points of the HVDC converter can be
controlled almost instantaneously and the time constants are much faster as
compared to the traditional control devices of the AC grid, HVDC elements
can be utilized for enforcing corrective control and bringing back the system
to a secure operating point. Moreover, exercising the HVDC control mea-
sures are less costly for the system operator than performing re-dispatch or
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Figure 5: Greater flexibility through HVDC control [14].

load curtailment. With increasing uncertainty in grid operation and the need
for fast corrective control, an explicit inclusion of the HVDC systems into
the reliability analysis process at all time frames of operation has become
essential.

1.6 Challenges in implementing reliable AC/DC grid
operation framework

1.6.1 Operational responsibility in AC/DC grids

One of the main challenges for reliability assessment of the AC/DC grid
lies in defining how the operational responsibilities are shared amongst the
operators [21]. There may be a single system operator for the complete
AC/DC grid or different operators for the AC and for the DC grid. Another
possibility is that the DC grid may be divided into multiple control areas
with different operators. The same might also hold for the AC grid. There
may also be the situation wherein the operator for a DC grid control area is
also responsible for the AC grid in the same geographical area, such as for a
country. Each of the above situations lead to a different set of responsibilities
and thus, different frameworks for reliable operation.

In the specific scenario of different DC grid and AC grid operators, the
crucial decision would be regarding the responsibility of the AC/DC convert-
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ers. This factor would be critical as the usage of the converter controls in
optimizing grid situation in a particular grid might lead to non-optimal or
adverse situations in the other grid. This aspect is highlighted in Figure 6
where three different possibilities for the AC/DC converter stations are seen:
the converter control lies with the AC grid operator, the DC grid operator
or is split between both the operators.

Control Area 1 . AC . Control Area 2
- I quipmen —l
Equipment
- _l .~ Equipment T~
AC1 AC2
' t
AC/DC
AC/DC Equipment
"""" Equipment / B
ControIAreat‘r\‘ DC

DC AC/DC
Equipment Equlipment

AC
Equipment

Control Area 3 AC3

Figure 6: Operational Responsibility [21].

Another example to illustrate the impact of ownership on reliable opera-
tion for the AC/DC grid can be seen in Figure 7, where the AC and DC grids
are managed by individual operators and connected by five fully controllable
converter stations [14]. There exists a large generator on the northern part
of the DC grid which has to supply power to a load located south of the AC
grid.

There can be many options to transfer this power through the AC/DC
grid. One possibility is to transfer the power from north to south using
the DC grid and then injecting it into the AC grid close to the load. The
other option involves the injection of power directly into the AC grid using
northern links and then transferring the power to the load through the AC
grid. The third prospect would utilize the power transfer on multiple links
between the AC/DC grid. If the objective of the operation is to minimize
the losses, then the DC grid operator would prefer the second option more
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Figure 7: Power transfers in AC/DC grid [14].

than the first. Conversely, the AC grid operator would find the first option
more beneficial. In case of power transfer over multiple links, the overall
system optimization would be necessary. Thus, the operational strategy and
consequent security-based optimization would be highly influenced by the
ownership.

1.6.2 Definition of probabilistic reliability criteria for AC/DC Grid

Various probabilistic criteria have been defined in the literature and used for
the assessment of grid reliability [2], [4]. They mainly differ in terms of the
way in which the probability or risk has been defined for the system as well
as the severity or impact of a contingency on the system.

One of the main requirements for the probabilistic reliability criterion
is to quantify the amount of risk associated with the system at different
stages of short-term operations. With an increase in the number of unpre-
dictable generation sources connected to the grid, it has become necessary
that the reliability analysis also considers the large variable injections from
such sources as system contingencies [12]. Such events have highly complex
interactions with the power system and depend largely on the operating con-
ditions and real-time data. Due to the increasing volatility in grid operation
and the interdependencies in a large connected system, the possibilities for
the propagation of a single contingency into series of cascading events has
also magnified. Thus, there is a need to consider such situations in security
assessment instead of the conventional N-1 criterion. Unlike the previously
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applied deterministic criteria, the probabilistic criterion for AC/DC grid re-
liability should factor-in the costs of the post-contingency corrective action
control.

Finally, the realization of a probabilistic security assessment for AC/DC
hybrid grid operation in multiple time frames would imply the evaluation of
the trade-off between the cost of measures (preventive and corrective) and
the system risk in each time frame of operation.

1.6.3 Applicability of reliability criterion to AC/DC grid

In order to ascertain the reliability of a hybrid AC/DC grid, it is necessary
to consider the impact of contingencies in the AC system on the connected
DC system and vice versa [14]. While the outage of an HVDC link could
lead to overloads in the AC system, similarly a short circuit in the AC grid
may result in the disconnection of a converter station. Normally, a hybrid
AC/DC grid would comprise of a number of parallel AC and DC systems and
might involve multiple stakeholders. Thus, the applicability of the security
criterion needs to be defined. This can be explained by considering the
example of N-1 security criterion for a hybrid AC/DC grid. One strategy
could be to consider the N-1 security of the whole AC/DC system. Another
form of applicability would envisage N-1 security separately for AC grid and
DC grid. In case of N-1 reliability for DC grid, the AC system could also
be considered as a backup support in the event of a contingency [16]. The
similar reliability principle could also hold for the AC grid with support from
the connected DC system. Thus, it is seen that the application of the relevant
reliability criterion to the hybrid AC/DC grid entails many possibilities. In a
scenario of highly interdependent AC/DC systems and multiple participants,
an appropriate application of the security criterion is a challenging objective.

1.6.4 Implementation of large scale AC/DC grid security-based
optimization

The SCOPF formulation for an AC grid exhibits a challenging problem due
to its large problem size [12]. The binary or discrete variables included in
the SCOPF problem in order to realize the control actions such as generator
start up, transformer load tap changer control, network switching, etc. also
pose a problem to achieve a global optimal solution. In case of a preventive-
corrective security, there is a corrective action/strategy that needs to be
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defined beforehand for each contingency in the grid.

Inclusion of the controllable HVDC systems into the existing AC grid
SCOPF problem is seen to be highly relevant for futuristic reliable grid op-
eration. However, such a SCOPF problem would involve larger number of
variables and corresponding security constraints. There would also be the
need to consider the contingencies in the DC system in the reliability assess-
ment. Due to the controllability of HVDC systems, more possibilities for
corrective actions would need to be modeled while determining reliability:.
For ensuring reliable operations, implementation of the SCOPF problem to
multiple time frames of grid operation would be required.

1.7 Mathematical optimal power flow models for AC/DC

grids

A typical 3-stage SCOPF formulation is described as follows [12]:

o Jo(@o,w0) (5a)
s.t.

go(l'o, U()) = O (5b>
ho(Io,Uo) S Ll (5C>
gr(xi,ug) =0, k=1,...,c (5d)
hi(x3, ug) < Lg, k=1,...,c (5e)
Ir(Tr, ug) = 0, k=1,....c (51)
hk(Ik,Uk) < Lma k= 17"'76 (5g)
lug — ug| < Aug, k=1,...,c (5h)

In the above equations fj is objective function, k=0 is pre-contingency sce-
nario, k=1,. .. ¢ corresponds to ¢ post-contingency scenarios, xy, is state vec-
tor, x}, is the state vector in short-term time frame, wy, is the vector of control
variables, uj is the vector of control variables in short-term time frame, Awuy, =
Ty dd% is the maximum allowed change in control variables between base case
and k' scenario, T}, is time interval for corrective actions and dstk is rate of
change of variables, Lg, L,, and L; denote short-term (emergency), medium-

term and long-term (normal) limits, respectively. The limits Ly demarcate
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the short-term limits after the occurrence of a contingency and should be
met through the preventive actions itself. On the other hand, the medium-
term limit L,, is to be satisfied after the execution of predefined corrective
actions in the event of a contingency. The long-term limits L; characterize
the normal operation and thus, might require one or more corrective actions
by the TSO.

The equations (5b, 5c), (5d, be) and (5f, 5g) represent the pre-contingency
scenario, the short-term post-contingency scenario and the medium-term
post-contingency scenario, respectively. The equality constraints reflected
in (5b, 5d, 5f) denote the AC power flow equations, while the inequality
constraints in (5c, be, 5g) represent the equipment limits as well as the op-
erational limits.

1.7.1 AC Optimal Power Flow Model

The optimal power flow formulations for the AC grid with N number of nodes
is given as follows [22]:

0, =0 (6)

P/=Pl= 3 P VieN (7)
(i,j)eEUER

QI -Ql= > Qj VieN (8)
(i,j)eEUEER

where 6, represents the voltage angle of the reference bus, PY and QY are the
generator active and reactive powers, P¢ and Q¢ depict the load active and
reactive powers and £ and ET refer to the set of from and to edges in the
ac network, respectively.

Py = 95U} — g5UiU; cos(63) — bUiUysin(63) vV (i,5) e EUE®  (9)
Qij == _bZ]Uz2 + szUzU] COS(@@) — gZ]UlU] Sln(eﬁ) A (Z,j) e BU ER (10)
PE4+Q%=5%,. ¥V (i,j)eE (12)

ij,ac

In above equations, g;; & b;; are the line conductances & susceptances
respectively, 9@ is the phase angle difference and the bus voltages are repre-
sented by U;Z0;.
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Equations (7) and (8) define the nodal power balance equations of the
AC system, whereas equations (9) and (10) describe the voltage drop along
the lines. Equation (12) reflects the apparent power of the lines. The above
equations represent the equality constraints as given in Equation 5b.

The model constraints represent the generator capabilities, line thermal
limits, phase angle limits as well as the bus voltage limits.

1 Generator limits
Pgmm <P, < Pgm“z (13)

Qy" < Qp < QP (14)

where Pg’””, P are the active power limits and Q;”i”, Qy'*" are the
reactive power limits.

ii AC Branch limits

Siae < Sijac < Sijo (15)
B < 6,5 < g (16)

min max LN min max
where S0, Siiae are the rated power flow limits and 677, 677 are

the phase angle difference limits.

iii AC Node limits .
Umzn S Ui,ac S Umam (17>

i,ac i,ac

where U™ M are the bus voltage limits.

i,ac ' ~i,ac

1.7.2 Static DC Grid Model

For the purposes of a security-constrained optimization problem, the DC
branches are modeled using the steady-state representation in 23] and is
shown in Figure 8. The resistance r, of the single line is divided by the
number of poles p; to quantify for the equivalent resistance.

The power flow equations for DC branches d ¢ D between nodes e and f
such that e, f € F is given as:

Py + Pyt = P{E Y def e, (18)
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Tq d
pre P pe

Figure 8: Static DC branch model [23].

where 79 stands for the DC topology. A non negligible branch resistance
r% > 0 leads to the branch losses given by Péc,loss > 0. The DC power flow
is bound by the ratings of the DC branches at both ends and is given as:

Pdc rated < Pd5f7 S P;lc,rated v def € Tdc U Tdc,rev’ (19)

de,rev

where 7 stands for the reverse order of DC nodes.

i Branch Flow Model: The power flow on the DC branches is ex-
pressed explicitly through the branch current as follows:

pietoss — (Z4) (14e)? VY def e7™, (20)
Pa

Pdef Udc ]def vV defet®, (21)

Idc rated > [def > Idc rated V. d@f € 7_dc (22>

In above equations, P4 1 is the power flow on dc line from dc node e to f
and PJ is the power flow in the opposite direction. The corresponding
current variables are Iggf and [C‘f]?e, such that Igng C‘llfce = 0. The voltage
magnitude of dc node e is given by Ud.

ii Bus Injection Model: The BIM representation of the dc line is given
by:

Pjecf =pg- g U (U — U;fc) Y def e 1% U rdorer, (23)

where U is the voltage of node f and g = = , the series conductance
of the dc branch d.
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1.7.3 Static AC/DC Converter Station Model

A typical model for the AC/DC converter station is considered as per [23| and
shown in Figure 9. It comprises of the converter transformer (with tap and
series impedance), a filter as a shunt susceptance, a phase reactor as series
impedance and the AC/DC converter. While the power electronic converter
is an active component, the others are passive in nature. The converter
may be of LCC, VSC or MMC configuration. The AC side of the converter
station has a complex voltage given by U;=U"" /6, and the dc side has a real
voltage given by U%. There are also two internal voltages for the converter
station demarcated by US=U/™9 /07 at the filter and U'=U""9 /< at
the power electronic converter, respectively. The converter topology is given
by 7.

C
. Uf cv Udc
! _ rrmag c_ rrf f c_ e
=U, "°Z0; =U;me8 /0, = Ugvmas L0y
transformer phase converter
reactor

e
PPT PPT pcviac = Pcv,dc €
cie cet c c

+i Qe +iQees +IQ™

Ptf

cie

+5QH,

filter

Figure 9: Converter station model [23].

The equations for the individual components are given as follows:

i Transformer: The transformer is represented by equivalent admit-
tance of ¥t/ = g%/ + jb'/. The voltage magnitude transformation fac-
tor (tap t.) has also been taken into consideration as tap setting of
converter transformer influences the voltage control performance of the
HVDC station. The power flow through transformer can be represented
as:
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Umag Umag
Ptf — tf 2 _ tf 1
cre gC ( tc ) C tc
Umag
te

Umag Umag
Ho= bl b ——
che ( tc ) + c tc

UJSmag cos(0; — 67) (24)
—p =L ylmaggin(9; — 0F) YV cieeT®

UJSmag cos(6; — 67) (25)

Umag
A — ; Ulmadsin(9; — 07) ¥V cieeT®
ur
P = g gyt — gt costol —0)  (20)

c
mag

U
—b’;fUCf’m“glt— sin(07 — 6;) VY cieer®

c
mag

Q= Uz U S o0 —0) (20
mag

U, .

—gﬁfUZ’maglt— sin(07 — 0;) VYV cieer®
(&

If the transformer is absent, or if z!f ~ 0, the equations for lossless

component are used:

P;J; + Pctefl =0 V cieer” (28)
QL+QL,=0 V cieer (29)
Ut = Ulmes v cieer® (30)

0/ =0i V cieer® (31)

ii Filter: The reactive power of shunt capacitance having susceptance b/
is given by:

QI = —bl(UFm9)?2 Y cieer™ (32)

The nodal balance equations between the filter capacitance, phase re-
actor and transformer are as given below:

PY + Pctgl =0 V cieet® (33)
cze + chz + Q£ =0 V cieet® (34)
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v

Phase Reactor: The phase reactor impedance (2?") and admittance
(y?") are given by the following:

zg =y +gay (35)
1
yr = 7= gy + gbe (36)

As the phase reactor can be considered as a transformer with tap ratio
equal to 1, hence the equations (24) - (27) can be used for phase reactor
with loss and lossless configurations, respectively.

AC/DC Converter: The power flow capabilities for the AC/DC con-
verter are envisaged through the limits given as:

Pccv,ac,min S Pccv,ac S Pccv,ac,max YV cie e T (37>
ng,ac,min S ng,ac S Qiuac,maz YV cie e T (38)
(Pccv,ac)Q 4 (ng,ac)Q S (Sccv,ac,rated>2 YV ciee ch (39)

The active power injected by converter into dc grid is modeled as
Pevde(defined at dc bus of converter). This power must also be within
the limits specified for the dc side:

Pé:v,dc,mm S Pccv,dc S Pccv,dc,max YV cie e T (40)

Also,
Pccv,ac + in,dc — Pccv,loss YV cie e TV (41>
For the converter losses,a parameterized model is considered as follows:
Pccv,loss — agv + bCCU . [ccv,mag + c.cv - (]Ccv,mag)2 YV cie e T (42>

where a%’ > OW, b5 > 0 (W/A), ¢&¥ > 0 (Q) and 1" is the current
magnitude on ac side of converter. This current can be defined using
active and reactive power injection as well as ac side voltage of converter
as per the following equations:

(Pccv,ac)2 + (ng,ac)Z _ (Ucc’v,mag)2(jccv,mag)2 YV cie € T (43)

The ac side current of the converter is bound by the rated current limits
as:

]ccv,mag S [ccv,rated YV cie e T (44)

Uccv,min § Uccv,mag S Uccv,maa: YV cie e T (45)

31



i £ ' Deliverable 3.1

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

where U™ is voltage magnitude at ac bus of converter. Similar to
the ac side, the dc converter current is also bound by limits.

Pccv’dc = ch . I,f”’dc’m“g V cieeT® (46)

[ccv,dc,mm S [Ccv,dc,mag S [Ccv,dc,maz YV cie e TV (47>

For the LCC configuration of the converter, the active and reactive
power are linked through the given relation:

cv,ac __ cv,ac,rated . cv
Pt = cos e - S V cieeT (48)

cv,ac cv,ac,rated . cv
Qe =sin g, - S. V cieert (49)

where ¢, in above equations is the thyristor firing angle and is given
by 0< 0" < . < @ <
1.7.4 Nodal Balance Equations

Finally, the nodal equations for the AC/DC grid are given as follows:

DURIHD RN P A gUI =Y P=0 W deNe  (50)
DI QD QY W=D Q=0 ¥ ieNe (1)
DRI AP PF Y GUI =) RS0 VN (52)

The above formulations for the AC/DC grid aim at minimizing the objective
function of the generation costs and is given as follows:

minimize : Z coi(R(S?))? + c1i(R(SY)) + cos (53)

ieN

where ¢, ¢; and ¢y represent the generation cost coefficients.

The above security-constrained optimization is characterized as a non-
convex, non-linear optimization problem of huge computational size and
large number of both continuous and discrete variables. With non-convex
optimization, one has to choose between either solving problems with lesser
computational time but locally optimal results or else globally optimal solu-
tion but with larger computational times [24]. Thus, the current practice in
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the electricity industry is to use the so-called DC OPF approximation for this
problem. However, such an approximation completely ignores the important
aspects of power flow, such as the reactive power and voltage magnitudes
and may lead to inexact results. Thus, various convex relaxations of the
actual non-linear problem have been established in the literature in order
to achieve globally optimal solutions within lesser time. Prominent among
these are the semi-definite programming (SDP), the quadratic convex (QC)
and the second order cone (SOC) relaxations [22].

In order to implement a framework for reliable operation of AC/DC grids
in short-term time frames and under the impact of uncertainty, firstly the
inclusion of security constraints into the AC/DC grid optimal power flow
model is envisaged. With a view to reduce computational burden and to
obtain globally optimal solution for the large-scale mixed integer non-linear
problem, different relaxations may be applied and the results thereof ana-
lyzed. The next main objective would be to identify a risk-based reliability
criterion that ensures optimal trade-off between the cost of measures and
cost of associated risks. Finally, the application of the risk-based reliability
criterion to multiple time frames of short-term grid operation would be real-
ized through the implementation of the multi-stage SCOPF as discussed in
Equation (5). Such a flexible framework would represent the decision mak-
ing process of transmission system operators and allow them to find better
operational procedures than those being applied today.
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2 Power System Stability
Nathalia Campos (supervised by Jef Beerten)

Power systems are continuously being subjected to disturbances, some of
which are small such as continuous changes in the demand and others which
can be severe as is the case of a fault or loss of a generation unit. The grid
must be capable, however, to operate in these continuously changing condi-
tions so as to guarantee continuity in the energy supply. When a disturbance
occurs, it shifts the system from its initial operating point and it must adjust
to the new operating conditions. In this context, power system stability can
be regarded as the ability of the system to return to a state of equilibrium
after being subjected to disturbances [3].

Figure 10 provides an overview of a traditional classification of power
system stability. AC system stability is divided broadly into rotor-angle, fre-
quency and voltage stability according to the physical nature of the stability
problem and the main system variables in which it can be observed. These
categories are further subdivided according to the size and time span of the
disturbance. A short description of each class of stability problem is provided
below:

Rotor-angle stability: In a synchronous system, several generators are
rotating with the same frequency and the mechanical speed of their rotors
are synchronized to this frequency. Rotor-angle stability is then defined as
the ability of the synchronous generators to remain synchronized after the
grid is subject to a disturbance [25]. If the disturbance is considered small,
the stability problem is named small-signal stability since it can be studied
by linearizing the equations that describe the system around an operating
point. On the other hand, if the disturbance is severe, the system can no
longer be considered linear. In this case, the machines suffer large rotor
angle excursions and must return to an equilibrium point. This is known as
transient stability;

Voltage stability: In addition to the rotor angles, disturbances might also
affect the voltage on the grid nodes. Voltage stability is then defined as the

34



fan Y : Deliverable 3.1

—_
INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

ability of power systems to maintain acceptable voltage levels at its buses
when a disturbance occurs;

Frequency stability: Similarly, frequency stability is the ability of the
power system to maintain a stable frequency when the system is under a
disturbance that creates an imbalance between generation and load.

Power System

Stability

Rator Angle Frequency Voltage

Stability Stability Stability

Small-Disturbance Transient Diiﬁﬁ:ﬂ:’;w Dis?::;’a:_nce
iy i £
Angle Stability Stability Voltage Stability Voltage Stability
I_'—'_l

Short Term | Short Terml | Lang Term ]

|Short Term ‘ | Long Term |

Figure 10: Classification of stability in power systems [25].

Up to this point all the stability problems discussed refer exclusively to
AC systems. However, the introduction of DC systems brought with it new
stability concerns that have not been fully understood yet. Some of them
have been already identified such as DC voltage collapse, DC oscillations
and DC energy equilibrium, and others are yet to be determined [26]. It is
clear that, in the future, there will be a need to extend the classification of
stability to also include emerging issues, both in AC and DC power systems.
A preliminary extension is illustrated in Figure 11.

2.1 Timescales of power system phenomena

Traditionally, power system transients have been classified into electromag-
netic and electromechanical phenomena. Electromagnetic transients are as-
sociated with the energy exchange between inductances and capacitances of
the system while electromechanical transients are due to exchanges between
the mechanical energy stored in the rotating masses of machines and the
electrical energy in the network [27]. Figure 12 illustrates the different power
system phenomena and their corresponding timescale and classification.
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Figure 11: Extended classification of stability in AC and DC power systems
(after [26]).

Even though there is a gray zone in the classification of disturbances,
it can be said broadly that electromagnetic transients are associated with
frequencies above the nominal frequency. They are usually studied using a
class of programs known as Electromagnetic Transient Programs (EMTP)
where components are modeled in detail and small time steps are used in the
simulation. Because of the detail level, these models tend to be valid within
a larger frequency range. On the other hand, electromechanical transients
are commonly associated with sub synchronous frequencies and are studied
using electromechanical stability programs, also known for historical reasons
as transient stability programs. The models used in these programs make use
of simplifying assumptions and due to that, they are valid only on a restricted
frequency range. The advantage of this type of tools is that a larger time
step can be used, making it suitable for the study of large power systems and
for operational studies that must be computed in a short time.

2.2 Challenges of dynamic stability assessment

In traditional grids, the dynamic behaviour of the system is dictated mainly
by the behaviour of its synchronous machines. However, in later years, power
systems have seen an increase in the amount of power-electronic interfaced
devices due to the growing use of renewable energy sources, high voltage
direct current (HVDC) transmission and flexible alternating current trans-
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Figure 12: Timescale for power system phenomena [27].

mission system (FACTS) devices. These devices increase the overall grid
controllability, but also create new challenges when it comes to understand-
ing how the power system behaves, how to model the problems and how it
should be operated.

As the number of power electronic devices present in the power system
increases, there is a risk that they will not only interact with the grid but
also between each other [28|, [29]. These interactions can be undesirable,
especially when they could eventually lead the power system to an unstable
state.

Power electronic converters have several control loops, some of which
present slow dynamics, such as the active and reactive power controls; and
others that are faster and can have a large bandwidth, as is typically the
case for the inner current controls and the phase locked loop (PLL). Due to
the large bandwidth of such controllers, the converter could interact with the
grid at its resonant frequencies, possibly leading to harmonic instability [29].
This problem has already been observed in practical installations, as was the
case in the BorWinl HVDC system that connects an offshore wind farm to
the onshore AC grid [30]. In addition to that, having a high penetration
of power electronic interfaced sources is known to decrease the total system
inertia and the power system strength. These, in turn, can create dynamic
issues such as frequency and voltage instabilities and affect power quality
[31].
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The increased number of power electronic devices in the grid has blurred
the traditional distinction of which type of simulation software is appropriate
for different system studies. More in particular, the high frequency interac-
tions between converters and between converters and the grid are making
that models that were previously considered to be valid for typical stability
studies might no longer be valid [32], [31]. On the other hand, modelling a
large power system in detail using models suitable for a large frequency range
might not only be prohibitive in terms of computation time but could also
require details about components that might not be available due to pro-
prietary restrictions. Therefore, further research is necessary to determine
what types of studies can be performed with each tool and to what extent
the models used today are accurate.

2.3 Power system simulation for transient stability stud-
ies

In order to be able to simulate large-scale power systems composed of several
components it is necessary to ensure that the computational time required
to simulate the full system is maintained within reasonable limits. There
are several approaches to reducing the simulation time. These range from
increasing computational capacity and using more efficient numerical com-
putation techniques to making simplifications in the power system and using
approximations to represent components.

The basic principle behind time-domain simulations of power systems
consists in representing components, control systems and the network topol-
ogy by a set of algebraic and differential equations. Simulation programs
use numerical integration techniques to solve the differential equations that
characterize the power system components and provide the solution for the
system variables.

The speed of numerical integration techniques depends, among other fac-
tors, on the step size used. For a fixed simulation time, the smaller the
simulation time step, the more calculations will be required to simulate the
response of the power system. The maximum simulation time step At,,q.
that can be used while still being able to obtain accurate results is dependent
on the frequency content of the signals involved. According to the Nyquist
criterion,
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1
2fmax ’

where f,,4. is the maximum frequency component of the signal. In addi-
tion to that, a safe margin must also be considered in order to account for
the fact that the studied signals might not always be bandlimited and the
highest frequency might not be well known before the simulation [33]. One
of the modelling techniques that allow the use of a larger time step is the
approximation of system variables such as voltages, currents and fluxes by
quasi-stationary phasor representations.

This representation supposes that the network signals are subject to only
small frequency variations centered at the nominal frequency. This assump-
tion is considered valid when the studies are restricted to slow dynamic phe-
nomena. In this case, the use of phasors allows the 50 or 60 Hz signal to
implicitly be filtered out of the response, leaving only the slow electromechan-
ical oscillations in the signal. Since these oscillations have a low frequency in
traditional power systems, the maximum frequency observed in the signal is
reduced, which ultimately allows for an increase in the simulation time step
size, resulting in a gain in simulation speed. In the next sections the details
regarding phasor-based approach are discussed and the modelling of some of
the power system components are presented to illustrate the concept and its
assumptions.

At s = (54)

2.3.1 Phasor-based modelling

Phasor-based modelling, also known as root mean square (RMS) modelling,
consists of a modelling technique in which phasors are used in the formulation
of models for some of the power system components. In general, a phasor
can be defined as a complex number that represents the magnitude and angle
of a sinusoid [34]. Phasors are defined for sinusoids at a single frequency
and can be used to represent steady-state signals in power systems. This
is because ideally in steady-state, power system variables such as voltages,
currents and fluxes present a sinusoidal behaviour with a single frequency
component corresponding to the system nominal frequency wy. The use of
phasors is not limited, however, to steady-state studies. They can be used
to approximate signals that only deviate slightly from a sinusoid at nominal
frequency. This is the case when a perturbation occurs in the power system
and other frequency components appear in the signals. If the oscillations
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created are slow compared to the system frequency, a low-frequency pulsation
is superposed to the sinusoid at nominal frequency and the low frequency
oscillations are perceived as variations in its "envelope". For this reason,
the resulting time-domain signal can be regarded as a modulated signal with
carrier frequency wy as illustrated in Figure 13.

. W
A J jl i 1[ I 1A J b f AN L 1l Instantaneous Values
rJI"' ‘Il aulliad |||| ;I l | | I 1 'n!—."l,'\.n‘.LIJ-.‘. |._]‘ \I;\:,..
R - \""' | ' Hﬂj Il I"i TN LYY —— rasor (rms values)
"1 | — " 1 t- |
Electromagnetic Electramechanical
Transients Transients
>
Microseconds Milliseconds Seconds Time

Figure 13: Comparison between instantaneous and phasor variables [35].

These phasors were originally named time-varying phasors since the am-
plitude and phase vary in time to represent the pulsation observed in the
sinusoid. Mathematically, a modulated time-domain signal e(¢) of the form

e(t) = E(t)cos(wot + (t)) (55)
can be represented as a phasor é(t) by the expression [36]:
é(t) = E(t)e’®®, (56)

It is also possible to perform the inverse operation and obtain the original
signal from its phasor representation by

e(t) = R[e(t)e™). (57)

2.3.2 The quasi-stationary assumption

The use of phasors can simplify the modelling of basic circuit elements. The
application and modelling considering the quasi-stationary assumption will
be demonstrated below for the illustrative case of a capacitance and induc-
tance respectively.
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The differential equation describing the relationship between voltage and
current for a capacitor is given by

. dvc(t)
t) = .
ie(t) = 0! (58)
Equation (57) can be used in (58) leading to
A ) d )
R{ic(t)e! '} = Caﬁ?{@c(t)ewot}. (59)
Considering that R is a linear operator, the resulting equation is
5 d . . .
ic(t) = Cavc(t) + JjwoCoe(t). (60)

For steady state phasors, doc(t)/dt = 0 since the magnitude and phase
of the phasors are constant. If these quantities are instead time-varying, this
is no longer valid but the approximation doc(t)/dt =~ 0 can be made if it is
assumed that these quantities typically vary with a slow frequency for the
studies under consideration.

In that case, the phasors are called quasi-stationary and the capacitor
equation can be simplified to the algebraic form used in steady-state analysis:

ic(t) = jwoCic(t). (61)

The same analysis can be applied to the inductor equation, resulting in

Equations (61) and (62) are well-known expressions used for capacitors
and inductors in the phasor domain. The main advantage being that the
relationship between voltage and current becomes algebraic and no longer
represented by differential equations. The phasor equations for basic circuit
elements are implicitly used later when deriving models for the network,
including transmission lines and loads.

2.4 Modelling of power system components for stability
studies

When using the quasi-stationary assumption, the network is modelled using
phasors instead of differential equations as is usual in electromagnetic tran-
sient simulations. Due to that simplification, only frequencies close to the
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system frequency are captured. For the synchronous machines, the differen-
tial equations representing stator flux dynamics are neglected and the stator
terminal voltage is represented by phasors. Only slow dynamics are included,
corresponding to the rotor, mechanical equations, turbines, power frequency
controllers, etc. The general structure of the simulation framework using
phasor-based modelling is illustrated in Figure 14.
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** Differential equations

Figure 14: Structure of a transient stability simulation [25].

Mathematically, the overall system is described by a set of differential
and algebraic equations of the form

z=f(z,V), (63)

I(z,V) = YNV, (64)

where « is the state vector of the system, V is the vector of the node voltages
and I is the vector of currents injected in the nodes and Y} is the admittance
matrix representing the network and loads.

The remainder of this section illustrates the application of the phasor-
based modelling to respectively a synchronous machine, a transmission line,
the entire AC network and a converter.
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2.4.1 Synchronous generators

In the case of a synchronous machine, the choice of the mathematical order
of the model (representing the number of state variables used to describe its
dynamic behaviour) to be used is dependent on the type of stability study
being developed and how close the generators are to the disturbance. As
an illustration, the classical second order model, also known as "voltage be-
hind transient reactance" model can be used to represent remote machines
or equivalent parts of the system that are not detailed [37]. In cases where
a more detailed model is needed, the fourth order two axis model provides
a compromise between simplicity and accuracy and it is one of the most
commonly used models in stability analysis [38]. A summary of typical syn-
chronous generator modelling using phasor-based assumptions is provided
below.

Mechanical equations The speed of a synchronous machine depends on
the balance between the mechanical torque applied and the opposing elec-
tromagnetic torque. The differential equations representing the machine’s
mechanical behaviour are given by

do

o = W, (65)
o _“orp KA (66)
dt—2H m e DAWr |,

where T,, and T, are the mechanical and electromagnetic torques, respec-
tively, 0 is the rotor angle, Kp is the damping factor.

Equation (66) is commonly referred to as the swing equation since it
represents the swings in the rotor angle when a disturbance occurs. These
equations are typically present in all generator models, regardless of their
overall model order.

Stator electrical equations Starting from the dynamic description of the
stator electrical equations in the dg-frame, the evolution of the flux linkages
over time are given by [37]

d )
€d = aiﬂd - %M - Ralda (67>

43



s : Deliverable 3.1

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

d )
e, = qu + Yawr — Raig, (68)

where ¢4 and v, are the flux linkages, 74 and ¢, are the stator currents, R,
is the armature resistance and w, is the rotor speed.

In transient stability simulations a number of assumptions are made: (i)
in order to be consistent with the simplifications applied to the surrounding
AC network, the terms di);/dt and dip,/dt representing the stator transients
are neglected, by which the stator electrical equations become algebraic; (ii)
the effects of speed variation on the stator voltage are neglected by assuming
that w, remains constant. Applying these simplifications to (67)—(68), the
following set of equations is obtained:

€d = _¢q - Raidu (69>
eq = Ya — Rai,. (70)

Magnetic equations Magnetic equations relate the stator fluxes and cur-
rents to the field voltage. There are several models available and the order
of the model depends on the number of state variables considered. As an
example, Figure 15 illustrates the equivalent circuits for d- and g-axis for the
two axis model commonly used in stability analysis.

L L,
+ o/ + o/ T
iy i
I Lig . I q ng g qu
o B n] % B |3
Rig Yia v Yra ng Yiq éREme
fd |
. i | |

Figure 15: Equivalent machine circuit for d- and g-axis [25].

2.4.2 Transmission lines

As far as transmission lines are concerned, it is common practice to represent
them by the lumped equivalent-m model, with all parameters evaluated at the
nominal frequency (50 or 60 Hz). This model is obtained by considering that
for short lines, the transmission line’s series impedance can be lumped and
represented by Z. This is equally done for the shunt admittance, which is
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lumped with half of the overall value placed at both ends of the transmission
line model, resulting in the admittances Y/2. This is illustrated in Figure
16.

)

C

Figure 16: Lumped 7 circuit model for a transmission line [39].

By evaluating the parameters at nominal frequency, this model thus im-
plicitly assumes that the relevant frequency content of the signals are mainly
located around nominal frequency and do not deviate considerably from it.
Detailed calculation of the parameters Z and Y can be found in [39).

2.4.3 Network

The quasi-stationary assumption allows simplifications to the representation
of the AC network, including transmission lines, transformers and static
loads. By using the assumption that signals present only slow dynamic re-
sponses and that the dynamics of interest do not deviate significantly from
the nominal frequency (or put differently, only represent slow variations from
this carrier frequency signal), the network can be represented by a constant
admittance or impedance matrix calculated at the nominal frequency. That
means that the network is represented by algebraic equations instead of dif-
ferential equations, which simplifies significantly the study of large systems.
The resulting node admittance matrix for transmission lines is represented
by the equation below [25].

jl YVll va Yin ‘71
S (™)
jn Ynl Yn2 Ynn V”l
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where

n is the number of nodes,

I, is the current phasor flowing into the node,

V; is the node voltage phasor,

Y;; is the mutual admittance between nodes ¢ and j,
Y;; is the self admittance of node 7.

2.4.4 Converters

In a phasor-based simulation, the Voltage Source Converter (VSC) can be
modelled in a rudimentary form by a controlled voltage source on the AC
side and a controlled current source on the DC side, with active power being
conserved between the sides [40]. A circuit diagram for this simplified VSC
model is illustrated on Figure 17.

0,
grid R J‘X

Figure 17: Simplified phasor-based model for a VSC [40].

AC side The controlled voltage source Usc is given by the expression

V3
_U ,
e DC

where P, . and P, 1, are the real and imaginary components of the mod-
ulation index and Up¢ is the DC voltage. Here the modulation index Pm =
Py, e+ J P, 1m 1s represented as a phasor using a global reference frame which
can be set as a reference machine, voltage source or external network.

The equation that represents the AC-side dynamics is given by

UAC’ = (Pm,Re + ij,Im) (72>

Uac = Ugria + (R + jX) L ac. (73)
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Coupling between AC and DC sides One of the ways to represent
the coupling between the AC and DC sides is through the power balance
equations. This can be expressed mathematically as

Pac = R(Uaclie) = UpcIpe = Ppe. (74)

DC side The DC side of the converter model is composed of the controlled
current source and a capacitance. For a two- or three-level VSC, the capac-
itance is equivalent to that of the installed capacitor bank on the output of
the DC side while for the MMC the capacitance is the equivalent capacitance
of the submodules and it can be written as a function of the number N of
submodules and the submodule capacitance Cgy; as

6Csm
o

Due to the capacitances, the voltage Upc on the DC bus can be considered
stable. Therefore, from the power balance equations, the converter acts as a
current source given by the expression [41]

Ceq = (75>

_ Udclic + Ugc[gc'

Ubc

Inc (76)

Control system Given the focus on slow electromechanical dynamics, it is
common to only take into account the control loops that have an influence on
the corresponding dynamics. As a result, low-level controls are typically not
included in the modelling and only the high-level controls are implemented
[40]. Further simplifications can be obtained by neglecting the dynamics of
the inner current controller. The reason for this choice is that the time steps
used in RMS simulation programs are large enough such that the dynamics
of the faster controllers have usually died out [41]. The current controller is
then represented by solving Equation (73) for the current Lac [42].

Summary

The increase in the number of power electronic-interfaced devices in the grid
has improved the overall grid controllability but, in turn, gave rise to dy-
namic issues that could eventually take the system to instability. This has
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blurred the traditional distinction of which type of simulation software is ap-
propriate for different system studies. In view of that, this section provided
an overview of power system stability and some of the challenges that arise
when studying AC/DC grids with the traditional software tools available.
The principles behind the traditional phasor-based modelling were reviewed
and it is highlighted that this approach is only valid for studying low fre-
quency oscillations. Lastly, a summary was provided of the most commonly
used phasor-based models for the main AC/DC power system components:
synchronous generators, transmission lines, network and converters. Further
research is still necessary to determine what types of studies can be performed
with each simulation tool and to what extent the traditional phasor-based
models used today are accurate for studying AC and DC systems.
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Part 111
Protection

3 Power System Protection

This section starts by covering essential regulation which the TSOs follow,
focusing on the voltage and frequency values which should be respected. The
second section covers generic requirements for both AC and DC power system
protection.

3.1 Transmission System Operator (TSO) Regulation

The aim for this section is to present the main entities responsible for the Eu-
ropean Energy network guidelines and regulation, focusing on the operational
values acceptable for the Transmission Network Operation and Protection.

As part of the EU’s Third Legislative package for energy, the regulation
EC No.714/2009 was created, setting out rules for governing access to the
network for electricity cross-border exchanges, to ensure the proper function
of the EU’s internal electricity market [2]. In this context the European
Network of Transmission System Operators for Electricity (ENTSO-E) and
the Agency for the Cooperation of Energy Regulators (ACER) were created
to develop the European Network Codes and Guidelines (rules of operation)
which are then adopted by the European Commission (see Figure 18 below)
and later on implemented by the member TSOs. These rules seek to ensure
there security of supply, competitiveness and affordable energy for Europe’s
electricity transmission systems.
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Figure 18: Regulatory relationship between European Energy entities.

The Figure 19 captures some of the main regulations and guidelines for

the European Energy Transmission Operators, with a example of specific
regulation from Portugal.

REGULATION & GUIDELINES

EC 1485/2017 - Establishing a EC 714/2009 - Conditions for EC 1447-2016 - Establishing
guideline on electricity access to the cross-border network requirements for grid
transmission operation exchanges in electricity and connection of HVDC Systems and
repealing EC 1228/2003 OC connected power park modules

antsof entsog

Continental Europe Operation Guldeline on electricity

Handbook (P1 + P3) transmission system operation

ACER

ACER

- -

Framework guidelines on Framework guidelines on
electricity system operation electricity grid connections

= = ]
P == =13 F~1:- 3
RRAT - Regulamenta da Rede de

Transporte (Regulation for the

RQS - Regulamento de Qualidade
Transmission Metwork)

da Servigo (Regulation far
Qualidade of Service)

MPQS - Manual de
Procedimantos de Qualidade de
Servigo (Procedures Manual for
Quality of Service)

Figure 19: Main Energy and Energy Transmission Regulation in Europe.

The “Guidelines on Electricity Transmission System Operation” |3, 2| de-
fine operational targets for Transmission system operation. This section will
be focused on the generic values for the basic parameters of networks (volt-
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age limits and frequency quality). This means that some TSOs may adopt
different values if they fulfill the exceptions criteria listed in the Guidelines
(when applicable).

Voltage Requirements

e Table 1 and 2 define the normal voltage levels for steady-state at the
connection points of the transmission systems and as operational secu-
rity limits, as defined in Article 27 [2];

e The p.u. allows each TSO to define the values based on their voltage
base;

e The requirements covered exclude contingency scenarios.

Synchronous area Volage range
Continental Furope 0,90 pu-1,118 pu
Nordic 0,90 pu-1,05 pu
Great Britain 0,90 pu-1,10 pu
Ireland and Northern Ireland 0,90 pu-1,118 pu
Balric 0,90 pu-1,118 pu

Table 1: Voltage range at the connection point between 110 kV and 300 kV.

Synchronous area Voltage range
Continental Europe 0,90 pu-1,118 pu
Nordic 0,90 pu-1,05 pu
Great Britain 0,90 pu-1,10 pu
Ireland and Northern Ireland 0.90 pu-1,118 pu
Baltic 0,90 pu-1,118 pu

Table 2: Voltage range at the connection point between 300 kV and 400 kV.
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Frequency Quality
e Article 127 defines the frequency quality values [2];
e The nominal frequency for all synchronous areas shall be 50Hz;

e Table 3 defines the frequency quality parameters based on Article 127,

CE GB 1EfNI Nordic
standard frequency range £ 50 mHz £ 200 mHz + 200 mHz £ 100 mHz
maximum instantaneous frequency 800 mHz 800 mHz 1 000 mHz 1 000 mHz
deviation
maximum steady-state frequency 200 mHz 500 mHz 500 mHz 500 mHz
deviation
time to recover frequency not used 1 minute 1 minute not used
frequency recovery range not used = 500 mHz + 500 mHz not used
time to restore [requency 15 minutes 15 minutes 15 minutes 15 minutes
frequency restoration range not used = 200 mHz + 200 mHz + 100 mHz
alert state trigger time 5 minutes 10 minutes 10 minutes 5 minutes

Frequency quality target parameters referred to in Article 127:

Table 3: Frequency quality parameters for synchronous areas.

3.2 Power system protection requirements
3.2.1 Generic Requirements

When selecting a protection component or strategy for the grid, it must
fulfill the following generic protection requirements [5]:

e Reliability: It is closely linked to dependability and security. De-
pendability relates to the correct action of the protection against faults
which require intervention. Security implies that protections will not
act when not required to.

e Speed: The protection must act fast to avoid damages to equipment
or components, which is achieved by limiting the fault current within
the maximum interruptible current and limiting the impact of the dis-
turbance on the network.
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e Sensitivity: Every fault must be detected.

e Selectivity: Only the faulty area and/or components of the system
must be isolated. This can be achieved by defining selectivity zones.

e Robustness: The protection system must be able to operate even
in degraded situations. Redundancy of protections is often used for
achieving this requirement.

e Stability: After clearing the fault, the system must return to a stable
operation within an acceptable time frame.

The main goals of a protection unit are to locate and isolate the fault
in the shortest time possible, to minimize the impact of the fault on the
equipment they are protecting, but also to allow re-energizing if the fault has
been cleared.

3.2.2 DC Protection Requirements

DC system protection is an important part for a DC grid. The basic re-
quirements for DC protection are the same as for the AC system. However,
due to the different characteristics between AC and DC systems, DC system
protection shows more challenges than that in AC systems.

e DC protection components: DC fault currents have no zero-crossings.
Traditional circuit breaker cannot interrupt the fault current. The de-
vices that will be used to clear DC faults should be developed for DC
protection systems. DCCBs are more complex and costly than conven-
tional ACCBs.

e Speed: DC systems have lower impedance than AC systems. And the
propagation of DC faults is faster in a DC grid than that in a AC grid.
The protection system should clear the DC fault in several milliseconds
(5-10ms).

e Fault locating: Due to the fast propagation speed of DC faults, most
parts of a DC grid can see the faults. The methods to discriminate a DC
fault and locate a DC fault is important for a DC protection system.
The time that can be used to locate a DC fault in DC networks is more
critical than that in AC networks.
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4 Protection of AC Transmission Systems

Emily Maggioli (supervised by Hélder Leite)

This section aims to initially provide a high level overview of AC system
components, relay protection schemes and typical fault clearing progress.
Then focusing on transmission network relay testing and existing models
and software. And finally summarizing some of the findings on the inter-
action between AC-DC networks, focusing on HVDC / VSC impact on AC
transmission protections. The importance of performing this investigation
is relevant given the changes network paradigm with increased distributed
production, investment in offshore wind-farms, but also because of discus-
sions about interconnected country grids through HVDC technologies, which
is happening in Europe and around the globe [1| (e.g. EUA GCCIA and
UAE).

4.1 Challenges for AC Transmission Protections and
Systems

Below are listed some of the questions identified regarding hybrid transmis-
sion networks, focusing on the interaction of HVDC and VSC technologies
on AC Protection.

A. Hybrid system simulation and interactions:

e Dual operating mode for protections: This issue has been identified for
the microgrids, as there is a difference in the magnitudes of short-circuit
current in grid-connected and islanded modes |7]. This dual operation
mode could be relevant for wider grid studies when there is black start
and the system transitions from a weak power system to a strong one.

e Inertialess systems and stability of the AC Network: The AC system
stability is governed by the synchronous machine capacity. However
with the increase of inertialess system, the effect on the AC grid sta-
bility is unknown.
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e Impact of controller gains on AC protections [8]. Challenges to the
existing networks in different aspects including steady state, dynamic,
and transient stability [40].

e Interactions between AC-DC networks: Numerous studies have been
made on the interaction, but it is not fully known the extent of the
interaction between the grids and the impact on power system protec-
tion of the connected countries (including the communication networks
between relays and operators, or between relays).

B. Network modelling and Relay testing:

e Simplifications for studying AC-DC Grids: Generally for the analysis
of AC or DC grids, there are simplifications made to the grid which is
not the focus of the study. One of the points raised by [9] is to question
the results obtained using simplifications, if there are any interactions
which are being missed due to the simplifications made in studies.

e Testing relays in more realistic scenarios to verify relay parameters and
real behaviour [10] - the authors have found some mis-match between
the expected behaviour and the actual behaviour, which could lead to
disturbances in the network.

4.2 AC Protection components
4.2.1 Basic components

The basic power system protections are generally composed by: Voltage and
Current Transformers (VT and CT), Relays, Fuses, Circuit Breakers (CB),
DC batteries (Table 4). It should be noted that some of the components
used may vary depending on the network voltage.

4.2.2 Relay Protection Schemes

The aim of this section is to give a short overview of the main relay schemes
and their application, as well as relevant guidelines for Transmission net-
works.

Based on literature review [11], [13], [15], there seem to be a variety of
ways for classifying relay schemes, which are captured in the table below
(Table 5).
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Power System Protection — Basic Components

1. Voltage transformers and current transformers:  To monitor and give accurate
feedback about the healthiness of a system.

2. Relays: To convert the signals from the monitoning devices, and give
instructions to open a circuit under faulty conditions or to give alarms when
the equipment being protected, is approaching towards possible destruction,

3. Fuses:  Self-destructing to save the downsiream equipment being protected,

4. Circuit breakers: These are used to make circuits carrying enormous
currents, and also to break the circuit carrving the fault corrents for a few
cycles based on feedback from the relays.

5. DC baueries:  These give uninterrupted power source (o the relays and
breakers that is independent of the main power source being protected.

Table 4: Power system protection basic components [5].

Relay classification

1) Non-pilgt | Dvercument = Line = Distance 1 Profectve + Electromachanical
e ™ ||+ Feedet * Differential 2) Regaating + Btatic
* Transfommer * Over-curent 3 Reclosing. synchronism chack + Digital
) Pilat Curmnt citterential * Gensrator * Residual curment D end synchroni * Wumerical
G Pt wire * Bushar warth fault) 4) Monitoding
- ;:::r::::w = Motor = Overfunder frequency 5) Auxiliary
T Bpiingstoed prnepie . ete * Owerjunder voltsgs
anel chructioral Finaing - Directional

wiave

) Othars

Table 5: Relay classification simplified overview.

Some of the basic operating principles of relays are covered below:

e Differential

The differential protection, as the name suggests is based on the differ-
ence between voltage or current between two circuits (using the same
unit for comparison). Figure 20 illustrates an example of a pilot cur-
rent differential protection, as the information is compared between the
two relays (local and remote relay) via the communication link. When
there is no fault, the difference is equal to zero or to the tapped loads
on the line. In reality these measurements can contain errors due to
CT errors, ration mismatch and line-charging currents.
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Figure 20: Pilot current differential protection of a transmission line [11].

The example below shows a non-pilot current differential protection
scheme (Figure 21).

Figure 21: Non-pilot current differential protection of a transmission line

116].

e Level Detector
Over-current detection can be achieved through a level detector relay
and is considered the simplest form of protection. The relay trips the
circuit breaker when the current is above a defined setting, known as
the pickup value, based on the fact that the fault current is always
greater than the operating current [13].
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Time

1?0 , —p
Figure 22: Level protection [13].

e Distance

On transmission lines and feeders, the length, voltage, and configu-
ration of the line may make this principle uneconomical. Instead of
comparing the local line current with the far-end line current, the re-
lay compares the local current with the local voltage. This, in effect,
is a measurement of the impedance of the line as seen from the re-
lay terminal. An impedance relay relies on the fact that the length of
the line (i.e., its distance) for a given conductor diameter and spacing
determines its impedance [13].

e Magnitude
Under/over voltage and over-currents can be detected using the mag-
nitude detection principle.

AR O—

(R

i

—CHwe

Figure 23: Magnitude comparison relaying for two parallel transmission lines
[13].

The principle is based on the comparison between one or more quan-
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tities with each other, including a defined tolerance. If the defined
magnitude is excited then this will trip the relay. For example, com-
paring the current magnitude of two lines, IA and IB, if |IB|+ X (where
X is a suitable tolerance) an the line B is not open, the relay would
detect a fault on the line if this value was exceeded (|IB|+ X) [13].

e Protection zones
The figure below shows the typical relay primary protection zones (Fig-

ure 24).
Transformer
Gerersior, \‘
i C/ l ?5
|
‘ - e —— e
oo o2 Eh___
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| \Imm' zone
- ii..l R \ [ pfuf 77777
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Figure 24: Typical relay primary protection zones [16].

For further details about applying relays to Transmission Networks, IEEE
developed the “Guidelines for Protective Relay Applications to Transmission
Lines” [11], which goes into further detail of the protection scheme variants
and network variables considerations.

4.2.3 The Portuguese Transmission Network - Example

The section above listed the possible protection schemes available and the
typical classifications made for protection relays. This section now aims
at showing an example of the Portuguese transmission network, listing the
specific protection schemes used in a real world context, based on [14].
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e Differential protection;

e Distance protection;

e Pilot protection;

e Phase magnitude;

e Directional earth protection;
e MHO;

e Circuit breaker function;

e Switch-on-to-fault;

e Re-connection function;

e Synchrocheck (function checking the synchronism in the system).

4.3 AC Network fault time frame and fault clearing
progress

This section intents to give a brief overview of fault propagation and fault
clearing windows available in AC Transmission networks.

Fault occurs Fault extinguished

iy N

[ S —

| Relay | « Relay 1

pickup | reset
]

Trip coil energized
| Vi

! CBopening time | CB arcing !
| | tme
Total fault clearing time

P S

Figure 25: Typical fault clearing time frame [5].
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Figure 26: Behaviour under fault conditions [5].

In AC grids, the fault clearing time is limited by the synchronous genera-
tors ability to keep the synchronism. The critical clearing time is typically in
the order of hundreds of milliseconds [6]. The total “fault clearing” is made
up by the relay time (detect and trigger the CB) and the CB interrupting
time. For HV (High Voltage) and EHV (Extra High Voltage) transmission
systems, normal relay times range between 15-30ms and the circuit-breaker
interrupting time range between 30-70ms [17].

4.4 Models for AC Protection focused studies

Based on the classification of the AC grid stability, Figures 10 and 11, and
the relevant time frame for AC fault clearing (discussed in Section 4.3), it is
possible to narrow down the sections relevant to power system protections,
which are related to rotor angle stability, frequency stability, and AC voltage
stability.

Protection units are modelled according to their application (what com-
ponent they are protecting) and to ensure the network operational values
discussed in Section 3.1 are respected. This section aims at listing some of
the models, methods and softwares for AC power system protection studies.
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4.4.1 Relay testing methodology overview

The methodology proposed in [18] is a high level overview for relay testing.
The overall goal for testing relays is to use inputs that resemble the inputs
that are seen by the component in a physical power system, to observe the
actual behaviour of the device. Below are some of the applications of the
approach or steps defined:

e Troubleshooting relay mis-operation (understand fault, adjust settings
and lessons learnt);

e Equipment procurement (to test relay batches and compare behaviour
for a specific network /application);

e Testing relay settings.

Below is a summary of the step by step description of [18].

Step 1. Deciding between relay model or physical relay To decide
between using a physical or simulated relay model. Typically models are
used for preliminary testing and/or evaluation of relays, whereas physical
relays are used for testing afterwards to check the defined parameters.

Step 2. Interfacing requirements It is necessary to know what the
interface(s) between the relay and power system will be, what other compo-
nents are connected to the relay and how it gets the inputs from the grid.
Thus ensuring that the received and transmitted signals match that of the
desired test or real System.

1. Define relay interfaces: What components are connected to the relay,
how it gets its system data.

— Instrument transformer secondary (for voltage and current mea-
surements)
— Circuit Breaker or other control device (contact status)
— Network Operator interface (communication or actuators)
2. Interface between relay and power system: How does the relay interface
with the power system. The difference from the previous step is these

are focused on how the relay interfaces with the system and other relays
or control equipment.
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— Instrument Transformers (like CT and VT): the signals received
by the relays pass through, so they require the correct representa-
tion (most of the power system simulation packages will generate
the analog waveforms that relate to the primary (network) level
of voltage and current signals)

— Control equipment: correct contact modelling (accurate represen-
tation of the contact changes associated with operation of circuit
breaker and communication channel during the fault clearing se-
quences)

— Communication channels (possible impacts of the faults on the
channel behaviour needs to be considered)

3. Representing dynamic interactions: It is important to reflect dynamic
interactions between the power system and the relays during both fault
and normal operating conditions, as it is possible that normal opera-
tions may be misinterpreted as faults. The table below summarizes
some relevant dynamic interactions.

Event Dynamic Interaction
Autoreclosing Automatic change of power system
model
Power swing Power oscilations between the
equivalent sources
Switching transients Circuit breaker switching
sequences
Line energizing to a Synchronizing and synchro-check
"Hot" bus

Table 6: Summary of dynamic interaction requirements [18].

4. Field vs. laboratory: This will depend on the choice between physical
or modelled relays firstly. In the case of modelled relays they will be
connected to the simulation. Regarding physical relays, if they are
tested in the laboratory, they can be physically placed next to each
other and connected to the simulation. Whereas in the field, it must
be possible to inject the test signals to physical relays.
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Step 3. Interfacing options This part of the methodology is where
model and the testing environment choices are made.

1. Interfacing relay models

2. Interfacing physical relays: 'To interface with physical relays it is nec-
essary to have a D/A system, which allows to convert the transient sig-
nals simulated by the programs or recorded via digital fault recorder.
The interface can be: open loop or real-time interface (requires a bi-
directional link between the network models and the physical relay).
The open-loop interface is used to replay fault condition (signals) into
the relay, but the feedback is only captured for recording purposes.

4.4.2 Relay models and Interface between relay and power system
models

As mentioned in Section 2.1, EMTP software is used in electromagnetic
transient studies, including under fault conditions, which is in the interest
for protection studies. Since the creation of the first EMT software, oth-
ers have been developed, like the ATP (Alternate Transient Program) and
PSCAD/EMTDC |[34].

For power system protection studies, using relay models has various ad-
vantages, as it allows to design new relay prototypes, test relay parameters,
personal training, as it allows to observe the processing of input and output
signals in detail, during the relay’s operation [34]. For these reasons there has
been progress made towards integrating modelling software (e.g. MATLAB,
FORTRAN) [34], used to define the relays, with EMTP and ATP software
[34]. But also to test physical relays using power system models. Table 7
summarizes some of the relay modelling programs and the network EMTP
type programs by [18].

There are also alternative programs which integrate the relay models and
EMTP capabilities specifically for protection studies, which is the case for
CAPE and ASPEN.

Table 7 summarizes some of these softwares, the integration of relay mod-
els and some proposed relay models. The first line indicates the references
relevant for relay models or programs, while the second column contains refer-
ences for the simulating programs. The lines across indicate the combination
of the relay model and the network program.
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Figure 27: Interaction between models and simulation software.

The figure below illustrates an example of the various interactions be-
tween the user of the program (when there is a user interface), the relay

Fortran a :

Deliverable 3.1

model and the simulation program (ATP in this example).

= Fault
T 2 Fault Fault Intagration Simulation
> O Fauk Typs Incaption Location Impedance | | Step Time End Time
@ Time
J E
; | |

o T
2 = |

vy v ¥
Set of
Scenarios

2| ak |
g 3 _::j":‘lz_“i‘;'ﬂ:‘:‘m Adjust Line Adjust Fault Adjust ATP
o | for the Switches Section Lengths Impedance Settings
E
E
& -1
2
e b4y

E Power Netwark ATP Simulation

< Model Settings

Figure 28: Hierarchy between user and program levels [18].

Some methodologies, like the one proposed by [34], propose a new ap-
proach in relay modelling, as the relays are modelled in the software PLSA
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Relay
MATLAB
Models | TACS C++ | FORTRAN
SIMULINK
20, 21]
(19, 24] 139]
19 22, 23| e
ey
120, 21]
Network | EMTP [25] [22, 23| 125] 127] [36]
[34] 28]
[24]
ATP |z | 230 137]
31, 32]
[41]
EMTDC
20]
PSCAD/ 28] 34
EMTDC
PSSE/ |y
EMTDC
CAPE [44]
ASPEN | [45]

Table 7: Interfacing relay models based on [18].

and embedded in the PSCAD/EMTDC code. PLSA was developed by the
authors as a user-friendly software used to generate the relay models from
parameters specified by the user. The code is then incorporated in the EMT
software, this case PSCAD/EMTDC, so that the simulation includes both
the modelled power system and the modelled relay. The advantage of us-
ing this methodology is to avoid compiling the component models and the
EMTP separately, so all the signals are processed together.

Methodologies like the ones by [36, 35, 37, 38|. All of the above men-
tioned methodologies successfully incorporated models developed internal
softwares with EMTP. The disadvantage, when compared to A, is that ex-
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ternal programs must compiled separately or the subroutines of EMTP must
be changed to accept external sub-routines [34].

4.4.3 Relay testing softwares

It is worth noting that there exist commercial softwares specifically developed
for relay testing and which are used by different T'SOs and DSOs around the
world. PSS®E (PSS/E), Powertech TSA TTM, and PowerWorld Simulator,
allow inclusion of some generic protection scheme elements, but this capa-
bility is not completely adequate or usually employed by utility planning
engineers. So there are some specific software packages such as CAPE and
ASPEN [40], employed for this purpose. These softwares have inbuilt relay
models (or even databases) based on commercial relays, which can be added
to real size grids for testing relay parameters or behaviour. The relays are
defined based on the parameters and settings by the user.

4.4.4 Relay communication models

Relays nowadays are able to communicate between them, but can also be
controlled by the network operator (pilot schemes). For this reason, the com-
munication between relays and operator cannot be ignored when assessing
the impact of HVDC grids or wind farms on relays, such as mentioned in [40].
This study refers to some of the existing models for relay communication.

4.4.5 VSC Modelling for grid studies

The guide [4] proposes various models for VSC, but only the type 5 and 6 are
of interest, because they capture the variables required for electromagnetic
transient studies that, as explained above are used for relay model testing.

e Type 5: Average Value Models (AVM) based on switching
functions - The AC and DC system characteristics are modeled as
controlled current and voltage sources, including the harmonic content
resulting from the conversion process. The assumption in this module is
that the capacitor voltages are balanced and it can only be implemented
in EMT tools, which is the case of the study of AC-DC transients and
design harmonic studies.
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e Type 6: Simplified Average Value Models- The AC and DC char-
acteristics are modeled as controlled current and voltage sources, sim-
ilarly to type 5 (mentioned above). The difference is that they do not
produce any switching harmonics. This type of model can be imple-
mented in EMT and phasor-domain transient simulation tools. For
EMT implementations, one of the advantages is that there is differ-
ent detail in the upper and lower level controls (upper more detailed),
which improves the simulation speed. Additionally this model may be
suitable for large system AC/DC grid simulations.

4.4.6 Simulation Softwares and Tools

This section summarizes the softwares and/or tools mentioned in previous
sections, and others which were not mentioned but have also been listed as
available tools.
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Software

1. MATLAB
SIMULINK

Study types & Application

1.1.  Used to develop models, particularly through
SIMULINK

1.2. Used as an add-on for existing dynamic/EMTP soft-
ware

1.3. User graphical interface

2. PSCAD

2.1. User graphical interface
2.2. Protection studies
2.3. EMT simulations

3. MATACDC

3.1. Uses sequential power flow approach.

3.2. Allows the study of the steady-state interactions be-
tween multiple

non synchronized AC grids and DC systems based on VSC
HVDC technology.

3.3. Open Source program with similar syntax to man-
power

4. PLSA

4.1. Electromagnetic studies for protective relay models
(integration of relay models and EMTP)

4.2. User graphical interface

5. PSS/E

5.1. Modelling protection for dynamic simulation

5.2. Dynamic power system simulation

6. CAPE

6.1. Modelling protection for dynamic simulation

6.2. Dynamic power system simulation

7. ASPEN

7.1. Specific for Power System Protection studies

Table 8: Some available power system protection Softwares and Tools.
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4.5 Interaction between AC and DC Grids: focused on
the impact on AC Protections

This section captures some of the findings or questions regarding the inter-
action between AC-DC networks, focused on imbalances caused to the AC
grid and the impact on AC power system protections.

The figure below shows an example of a modern electrical grid, which
demonstrates the shift in the network paradigm and operation philosophy:
1) Distributed generation - Offshore wind farms; 2) Greater interconnection
between transmission grids. The distance of the connections have led to
a preference of HVDC technology over AC, due to the fact that less lines
are used for the same bulk power, which means a simpler implementation,
but also due to the absence of reactive power. This is observed in HVDC
connections in Europe and around the world [12]|. One of the issues with using
new technology is the impact on the existing infrastructures, particularly the
AC grid and specifically AC Protection.

Figure 29: Modern scenario of the electrical grid [46].
Table 9 below provides an detailed overview of the AC-DC interactions

and disturbances presented by [47|. These interactions and disturbances have
been ranked in order of increasing time duration / decreasing frequency.
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Deliverable 3.1

(Ranked in order of increasing time durati g freq ¥
Interaction/Disturhing Cause/Source/Effect of Time Duration/ Frequency Controls influencing, Affecting or Controlling
phenomena Phenomena Demain Phenomena
1. Steep fronl Lightning. cartain elament Ganerally <ims Controlled by equipment designs and arreslers.
Surges/Overvallages switching

2 Commutation failures (start
of)

Inverter side AC faults, AC
voltage phase shifts or distortions,
element swiiching

Commutation-by-commulation
Cycle-by-cycie

Commutation margin angle (gamma) setting.
Temporary gamma adjustments or "gamma kick”
conirols

3. Transient | switching surge
overvoliage

Element switchings such as filter
banks.

From few ms to few cydles

Controlled by equipment designs, armesters or
operalting switching restrictions.

4 Temporary owervoltage
{TOV's)

Load rejections, ransformer
enargizations, laull dearing.

From few cycles to usually <few
hundreds ms. TOV's may be of
fundamental frequancy but ma
also involve low order (2™ 1o 57)
harmonic rasonances or
interactions.

DC fast firing angle control of reactive power.
BYC ar synchrenous compensation control / actions.
Fast filtar / capacitor bank switching.

5 Recovery from AG faulis.

Usually from about 100ms to
500ms. May involve TOV's, low
orcer (2* 1o §™) hammonic
distortion or interactions.

SVG or synchronous oompensation control / actions.
DC voltage-dependent-current limits (WDCL)
applications.

DC power (volt. [cumrent) ramp-up.

Fasl filler / capacilor bank swilching.

. Recavery from DG fault

Usually from about 200ms to
700ms

Delonization set time (approx. 100ms. minimum).
VDCL applications.
DC power (voltagefcurent) ramp up

7. Transient AC
undennitages

Remaole AC faulls (could be slow
claaring), transfomuar
enargizations, sudden load
increases, tripping of

From few cycles lo usually
=E00ms. Invalves fundameantal
frequency on AC and may involve
power | voltage instability at zero

DC fast firing angle control of aclive [ reactive power.
SVC or synchronaus compensation control / actions,
VDCL applications.

DC current “holding” / maximum DC currant limiting.

“harmonic " inslabilifies

pariurbations and may involve
control ipops, ransfer functions,
harmanig resenances and
transfers, non-theomatical
harmanics, ransformer saturation,
Ferro resonanca.

compensation elemants. frequency possibly leading to DC power reduction | amp-down.
system voliage collapse. This AL fillers switching control.
instability may take seconds or Tap changers.
| even minutes.
InteractioniDisturbing CauseiSource/Effect of Time Duration/ Frequency Controls Influencing, Affecting or Controlling
phenomena Phenomena Domain Phenomena
8. Super-synchronaus of May grow from small Frequency > fundamental Instabilities generally cured by DG control design

(such as phase-locked oscillalor), by choice of
control parameters, or by addition of special DG
controls, Addilion of special filters (2, 3, 5%, eic.)
SVC controls (2™ harmonic)

9. Sub-synchronows
instabilities

Control instability at frequency not
necessarily related to AC system
TESCNANCES, OF May involve
system sub-gynchronous
rescnances and machine
tensional mechanical oscillations

From about 5Hz to < fundamental
frequency.

Prevented by proper DC control stralegies,
parameaters or by addition of special DC centrols.
SVC controls.

10. Low-frsquency
(electromechanical)
instabilities.

May involve system steady stale
or small disturbance stability for
Inter-machine or inter-area
oscillations; may involve system
transient stability for faults and
major disturbances.

From about 0.1Hz 6 3Hz.

Supplementary DG damping powar contral /
modulation based on measured AC frequency,
phase angle, vollage deviations, or power changes
i parailel AC line.

Basic DC responses such as recovery from faults,
commuiation failure, and compensation confrols and
actions may affect overall stability.

Such things as machine damper windings (at higher
frequencies) and power system stablizer signals on
machine voltage regulalors (lo damp osciilatory
modes) in the AC system may nat be directly
mfluenced by the DC system or DT controls.

11, Steady state power
freguency instabilily /
axcursions

May involve turbing governors,
load-supply unbalance, certain AC
line trips, Inad rejections, machina
trpping, islanding; may involve
sieady state stability for gowernor
oscilations ( example —isolated
generstion feeding DC),

=0.3Hz

Turbine govemaor control

Absolule reguency conlrel by some power /
frequency characteristic or droop control on DC.
Discrete DC power changes for ceriain AC line or
machine rips.

Coordination of DC power control with machine
control and characleristics,

Table 9: AC/DC interactions and disturbances [47].

This sections aims at capturing the high level interaction list, based on
[4], 147], [48], which take into consideration the fact that VSC technology
has become a preference over the LCC converter technology. Which are as

follows:

e DC Voltage droop settings: This control action in the DC system
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can be seen by the AC system as an abrupt power change, since the
time frames for DC are much smaller than those for AC system stability
problems. The AC protection units can trigger incorrectly as this could
me misinterpreted as fault condition.

Time frame for hybrid network studies: The study mentioned in
[4] highlights the importance of developing an integrated detailed AC
and DC system dynamic model, in order to capture possible interac-
tions of the two systems, despite the general understanding that they
operate in different time frames.

Frequency stability: Changes in load demand cause a change to the
AC system frequency, which is restored by altering the generation as
a whole. This is a slow process, as it is accomplished by generator
speed controllers. Through HVDC active power injection, which is
done through VSC by drawing energy from the remote network, the
frequency can be stabilised or controlled much faster than a normally
controlled generator.

Short circuit level: When AC networks expand, this will increase
the short circuit level of the system, which means the switchgear need
to be checked (possibly upgraded or replaced) and the relay parameters
require revision. When adding HVDC link, due the component char-
acteristics, it does not significantly increase short circuit current, when
compared to conventional generation sources.

Reactive Power: One of the VSC primary advantage compared to
the LCC, is that they can independently control active and reactive
power. But also, the reactive power can be controlled independently
at each converter station. This allows VSC to support the AC system
with reactive power. One of the issues is that connected to the AC sys-
tems is also the conventional Reactive Power Compensation equipment
(e.g. shunt reactors). So the designers need to ensure the coordination
between the converter station and the AC reactive power controls. If
this is not achieved, one of the consequences is the “hunting” by AC
system reactive power controls and excessive operation of AC breakers,
which would compromise asset lifetime.

Harmonics: The primary harmonic production from voltage source
converters is in the form of voltage harmonics, which leads to dis-
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tortion of the current waveform and consequently, current harmonics.
Generally these harmonics are filtered by shunt filters, but this may
not be possible for 100% of time, so occasionally or under specific cir-
cumstances, some of the harmonics will enter the AC system. It is
important to note that the converter produces harmonics close to the
effective frequency or multiples of the switching frequency. Which re-
quire further investigation to determine how to best introduce the fil-
tering capabilities in protective relays. One of the mentioned scenarios
is the ground loop current, which could lead to half-wave saturation of
the iron core of the CT or VT, affecting the differential protection due
to harmonics and current distortion.

AC Response to DC faults: In the event of an internal VSC substa-
tion fault, the converter’s valve is exposed to over voltage and overcur-
rent values greater than those experienced during an AC system fault.
The type of fault, its location, transformer windings and grounding of
the substation will determine the fault severity and characteristics. As
the VSC is not able to block DC fault current, currently these will trip
the AC CB.

The above mentioned interactions can be used for testing AC relays un-
der specific conditions, and understanding some of the time frames behind
these interactions is an important factor for correctly selecting models and
simulation times.
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5 Protection of DC Grids
Wei Liu (supervised by Jun Liang)

With the increasing demands of integrating renewable energy to grids, more
and more attentions have focused on VSC-based HVDC systems. Modular
multilevel converters (MMCs) are one of the most promising candidates that
will be used to build DC grids. There is a trend that the existing HVDC
links will be connected and make up an Multi-terminal DC (MTDC) system
in future.

DC protection is one of the challenges when operating a VSC-based
HVDC link or MTDC system. DC fault currents have no zero crossings
and the propagation of DC faults is faster than AC faults due to the low
impedance in DC grid. What is more, the semiconductor devices within
DC grids, such as converters, DC circuit breakers cannot withstand overrat-
ing for a long time. The DC protection system should detect and clear the
faults within several milliseconds (5-10ms). The protection system should
include both primary protection and backup protection. Different protection
methods are also needed in order to locate and isolate the DC faults.

Half-bridge MMCs (HB-MMCs) cannot interrupt DC fault currents due
to the free wheeling diodes after being blocked as the two-level VSC. DC
circuit breakers have been proposed and used in the DC grids to protect the
DC faults. The time response of DCCBs is normally with few milliseconds.
Mechanical DCCBs, solid state DCCBs, and hybrid DCCBs are the current
technologies used to implement a DCCB. Considering the capital costs, power
losses and operation speed of different kinds of DCCBs, hybrid DCCBs are
mostly employed in HB-MMC HVDC systems.

Topologies with capability of DC fault handling is another solution in
terms of DC side faults. Full-bridge sub-modules and other sub-modules are
proposed to handle the DC faults. However, due to the extra power losses and
costs caused by the new topologies, they are not widely adopted in current
projects. With the increasing power demands, overhead line (OHL) will be
used in MMC-based HVDC systems. Full bridge MMCs are more suitable
in OHL systems than HB-MMCs due to the DC fault handling capability of
FB-MMCs.

AC faults are also important aspects that need to be taken into consider-
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ation in a hybrid AC/DC system. Grid-side AC faults and converter-side AC
faults will cause different consequences. Grid-side AC faults can generate an
balanced condition for the converter. Converters should have the low-voltage-
ride-through (LVRT) capability according to the grid code. Converter-side
AC faults cause a more severe condition. Protection system should block the
converter and the main target is to avoid the damages caused by the faults.

DC protection is a key technology in systems with AC and DC networks.
A DC protection system must clear a DC fault within several milliseconds. To
ensure the stability and reliability of the whole system, both DC protection
and AC protection must work coordinately.

5.1 Challenges for DC Protections

e DC fault current with no zero crossings: All mechanical circuit breakers
(CBs) need natural zero crossing to interrupt the current arc. The
absence of a natural zero crossing current make it difficult for the ACCB
to be used in the DC grid directly. DCCBs should be developed and
employed for DC protection. But they are more complex and costly
[65].

e Low impedance in DC grids: In an AC system the impedances are
made up of resistive and reactive parts, where reactive components
(2rfL) may reach 10-20 times the resistive parts. However for DC
grid, the series impedance is quite smaller than the AC grid because
of the absence of transformers. And the steady magnitude of the DC
component only takes into account the resistive parts. Therefore the
rising time of the fault current is quite shorter compared to the AC
system faults. The operating time for the DC protection should be
within few milliseconds [65].

e Fault locating methods: Locating the faults in DC grids is more difficult
because of the low impedances. Fault current limiters (FCLs) should
be added to limit the di/dt and to help to locate the faults [65].

e Semiconductor-based devices in DC grid: Voltage-source converters,
DCCBs and DC/DC converters in DC grids consist of semiconductor-
based devices, which have small thermal constants and small capability
of over-current and -voltage ratings. There is a strong requirement to
clear the fault in a short time [65].
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5.2 Modelling Technique on HVDC Converters

Based on the different objectives, there are different models for VSC-based
converters. The summary of the most common methods are presented as
follows:

e Full Physics Based models: Switches and diodes are represented by
differential equations. It is not suitable for the grid models due to its
complex character and time consumption problems [49].

R4-w‘12 " vl

Rs=1 |Cy=t |Gee > ‘31"21’3
1 R

Figure 30: Full physics based model.

e Full Detail Models: The devices are modelled by the non-linear resis-
tor and the conduction mode of the device is taken into consideration
by this model. The IGBT switches are modelled using an ideal con-
trolled switch and two non-ideal diodes illustrated in Figure 31. Full
detailed models enable accurate analysis of the current distributions,
but they can not accurately handle switching losses. The DC fault and
submodule fault can be analyzed by the model.

D
G"’“% “medl® 4
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Figure 31: IGBT models.

e Models based on Simplified Switchable Resistances: The switching de-
vices are represented by two-value resistors. The simplified model can
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promote the speed of the simulation by simplifying the model of the
power electronic switches. DC faults and internal faults of the MMC
can be simulated using this kind of model.

e Detailed Equivalent Circuit Models: The model based on Thevenin/Norton
equivalent method. Reduced electrical nodes can be acquired by the
method and the influence of the capacitor in each module can be in-
cluded [50]. The main idea is to reduce the number of electrical nodes
in converter mode while maintaining simulation accuracy. Take HB
submodules as an example, the equivalent model can be represented
as shown in Figure 32. Finally all SMs in series can be replaced by
an equivalent Thevenin circuit. This method can reduce the electrical
nodes needed for the modelling and the nodes are independent with the
SMs in the converter [51]. The model can be used to analyze the AC
and DC performance, submodule level control and capacitor balancing
algorithms.

Figure 32: HB submodules models based on Detailed Equivalent Circuit.

e Average Value Models (AVM) based on switching functions: The con-
trolled voltage and current sources are used to model the AC and DC
side characteristics. The harmonics are also included and the model
can be used to evaluate the DC grid system performance. The compu-
tational burden can be reduced by replicating the average response of
switching device based on the controlled sources or the average func-
tions.

e Simplified Average Value Models (AVM): The AC and DC side char-
acteristics are modelled as controlled current and voltage sources. The
controlled sources generated the waveform just as the control signal.
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The switching harmonics and the internal characteristics are eliminated
by the model. It can be used in large system AC/DC simulation.
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Figure 33: DC side representation of the MMC.
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e RMS Load-Flow Models. This model takes the steady-state converter
output into consideration but no transient modelling. This model is
used mainly in hybrid AC/DC grids for power flow analysis purposes.
And power losses can be added to the model [52]. And the model can
be used to analyse the algorithm on the power flow [53], [54].

5.3 DC Grid Protection system
5.3.1 Time frame of DC protection Systems

A protection system is an essential part for the operation of the system. The
basic protection requirements for the protection system of either AC or DC
grids include [55]:

e Reliability: The protection system can operate during the fault and do
not operate during other disturbances.

e Speed: Detection and isolation of the faults should be fast enough not
to cause damage to the component of the system devices.

e Selectivity: The protection action should keep in the designed protec-
tion zone.

The advantage of an MTDC system is the low impedance in the transmis-
sion lines, which will generate lower power losses. However the low impedance
DC grid will result in a huge inrush current during the DC fault in a very
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short time scale. The protection system for the DC grid should isolate the
fault within several milliseconds. And the maximum allowed current can be
reached in 10ms [56]. The operation time of the different stages of the pro-
tection system must not exceed the acceptable protection time. And except
of the primary protection, the secondary protection and back-up protection
should be designed properly collaborated with the primary protection. In
Figure 34, the protection system for the DC grid is shown.

Primary protection

- Secondary protection
Traveling wave =
Back-up protection

Differenctial Differential
protection protection in next Over cuirart
zone

Under voltage

Figure 34: DC protection system [57].

The protection speed for the AC and DC system is quite different. A
typical fault clearing time in AC systems is normally 4 cycles/80ms for the
50Hz system. The relay tripping needs 2 cycles and the operating time of
the AC breaker consumes another 2 cycles. The time response for the AC
protection is shown in Figure 35.

The primary protection for the AC system is around 80ms and the time
delay for the backup protection is around 300ms. While for the DC protec-
tion, the time respond time for the relay is normally within 1ms as shown in
Figure 36. The time response for the primary protection is around several
milliseconds. The backup protection will be active within few milliseconds if
the primary protection fail to clear the faults.
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Relay tripping ~ AC CB operating

time time
| ~40ms | 40 ms | t (ms) .
Fault Relay Fault
occurrence tripping clearance
signal
i Backup AC CB
Delay time operating time
~300 ms I ~4(0 ms

Backup relay Fault
tripping clearance

Figure 35: Time response for AC protection systems [58].

Relay tripping DC CB
time operating time
| ~1 ms | ~few ms |
Fault Relay Fault
occurrence tripping clearance
signal

: Backup DC CB
Delay time operating time

~few ms ~few ms

t(ms)

Relay tripping time: includes Backup relay Fault
fault propagation time tripping clearance

Figure 36: Time response for DC protection systems [58].

5.3.2 Bandwidth of DC measurement devices

In an AC power system, measurement devices for control or protection are
normally the transformers. The bandwidth of the transformers is within few
kHz. While for the HVDC protection systems, a higher bandwidth mea-
surement device should be adopted. The bandwidth of the devices for the
DC protection ranges from tens of kHz to a few MHz. And the sampling
frequency used for DC protection is in the order of 100kHz [59]. Table 10
shows the bandwidth of the measuring devices in AC and DC systems.
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Table 10: Bandwidth of the measuring devices in AC and DC systems [58],

[60].

Type | Technology Bandwidth Application
Electromagnetic (iron-core) few kHz AC
Hybrid electro-optical (combined shunt and Rogowski coil) | few MHz AC and DC

o Fibre optic current sensor (magneto-optic effect) few MHz AC and DC
Zero-flux (Direct Current Current Transformer) few hundred kHz | DC
Zero-flux (Hall-effect current transformer) few hundred kHz | DC
Inductive voltage transformer few kHz AC

VT Capacitor voltage transformer few kHz AC
Compensated RC-divider few MHz AC and DC
Fibre optic voltage sensor (magneto-optic effect) few MHz AC and DC

5.4 DC Protection Methods and Algorithms

DC fault clearing is very challenging as both the breaking operation and
time requirements are more demanding than those for AC fault clearing.
Therefore, detection and discrimination of the fault are important for DC

fault clearance. Different kinds of protection methods have been proposed
for DC faults.

e Current and Voltage Magnitude-Based Methods

In HVDC system, voltage transducers equipped in the terminal of the
MMC station measure the positive and negative pole-to-ground volt-
ages for over- and under-voltage protection. After a DC fault, the
voltages in the terminal change significantly, the detected voltage will
be in accordance with predefined thresholds to generate the trip signals
to protection the system [61]. The DC current will rapidly increase dur-
ing the pole-to-pole DC fault. The magnitude, direction and duration
criteria can be uesd to detect the DC faults. Due to the low accuracy
and time delay of the Magitude-based Methods, these methods can not
be used as a stand-alone strategy. The methods are normally used as
the backup protection methods.
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Derivative-based Methods

Current and voltage derivative methods, namely di/dt and dv/dt, are
suitable not only for fault detection but also for DC fault discrimina-
tion. DC faults can be detected and located by the sign and magnitude
of the DC voltage or current derivative. In case of a DC fault. the DC
current and DC voltage change faster in the faulty link than in the
non-faulty ones. A fault current limiter (FCL), which is normally a
DC reactor as shown in Figure 37, should be employed at the DC link
to smooth the waveforms and to limit the di/dt during the DC faults.
Then the change rate of the DC reactor voltage provide another pro-
tection method. Based on this observation, [62| proposes the use of
voltage across the DC terminal reactors for fast and accurate DC fault
detection in a mesh HVDC grid.
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e 37:  Meshed three-terminal HVDC transmission system with DC

reactor at each end of the DC cables [62].

Differential Protection Methods

Differential protection with overcurrent backup protection is one of the
most feasible method to protect the HVDC lines. The DC currents
are measured at both ends of each cable and the current difference is
used to detect and locate the faults. However, telecommunication is
required and thus the detection speed and reliability are depended on
the communication system. There the locally measured DC current is
used as backup protection in case the failure of the communication.

Travelling Wave-based Methods
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Travelling wave-based methods are widely used in HVDC protection
[63]. Fault current and voltages generate impulses, which travel from
generating point to the line ends. This phenomenon is used in HVDC
protection based on estimating first and second reflections at one termi-
nal without the requirements of communication between the terminals.

5.5 DC Protection Devices
5.5.1 AC Circuit Breakers (ACCBs)

For point-to-point HVDC systems, ACCBs can be used to protect DC side
faults. The VSC is blocked once the fault is detected and the DC side fault
will be cleared by opening the grid side ACCBs. The AC side and DC side
of the system will suffer from the short circuit current before the ACCB is
switched off. The AC side circuit current during DC faults is shown in Figure
38. The sub-modules protect the semiconductors by employing the thyristors
parallel with the diode to share DC fault currents. The HB sub-module with
thyristor is shown in Fig.39. This methods suffer from a considerable outage
time of the whole DC system due to the low speed of ACCBs and time to
re-closure the healthy DC grid in the MTDC systems.

in

DC faul occurs

Figure 38: AC side current during the DC faults [64].

5.5.2 DC Circuit Breakers (DCCBs)

The current candidate technologies of DCCBs can be classified into three
categories as: mechanical DCCBs, solid state DCCBs and hybrid DCCBs.

e Mechanical DCCBs
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Figure 39: HB sub-module with thyristor [64].

The basic configuration of the mechanical DCCBs includes a normal
current path, a LC resonant circuit and an energy dissipation current
path. During the normal operation condition, the current flow through
the mechanical switch. Once the fault is detected, the LC resonant
circuit, as shown in Figure 40 and in Figure 41, can generate zero
crossing point for the mechanical switch. Then the energy stored in
the system will be consumed by the arrester in parallel. The interrupt
time for the self-resonant mechanical DCCBs is normally 40-80ms. The
interrupt time of the forced-current commutation resonant breaker can
be several milliseconds. But it needs the pre-charge process for the
resonant capacitors.

Ccp Lp
— """
| _MosA | :
L M L
> o0

Figure 40: Self-current commutation resonant breaker.

e Solid State DCCBs

The solid state DCCBs are implemented by semiconductor devices (e.g.
IGBTS) in parallel with the energy absorbing branch. During the nor-
mal condition, the current flows through the semiconductor devices.
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Figure 41: Forced-current commutation resonant breaker.

During the breaking operations, the semiconductor devices are turned
off and the current transferred to the energy consumption branch. A
topology of solid-state DCCBs is illustrated in Figure 42. And the re-
sponse time of the solid state DCCB is given in Figure 43. The solid
state DCCBs can interrupt the current in a very short time (few mil-
liseconds) due to the fast response of the semiconductor (microseconds
range). The main drawbacks of the solid state DCCBs are the power
losses and the project costs. The conduction losses of the solid-state
devices can be 30% the losses of a VSC. And the cost can be approxi-
mately 1/6 of the cost of a HVDC substation.

Dc

source |

Figure 42: Solid state DCCBJ65].
e Hybrid DCCBs

The hybrid DCCBs combine the controllable semiconductor devices
with fast mechanical breakers. The basic schematic of one possible
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Figure 43: Time response of the solid state DCCB [65].

topology is shown in Figure 44. The mechanical CB is normally closed
and rated for nominal current. The mechanical CB provide low loss
conduction paths in normal conditions. The system current is trans-
ferred to the semiconductor paths once the DC faults are detected. The
auxiliary semiconductor valve can generate a zero crossing point for the
mechanical CB. The surge arresters will dissipate the fault energy and
prevent over-voltages.

="
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-@ rf:’ﬁ: P ooy, L e
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grrsnnames

mechanical
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Figure 44: Topology of hybrid DCCB [65].
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5.5.3 MMC Topologies with fault handling capability

The two-level and half-bridge based VSCs cannot interrupt the DC fault cur-
rent due to the uncontrolled diode rectifier after the converters are blocked.
In terms of the DC fault, various of SMs with the capability of DC fault
handling have been proposed based on the MMC technology.

e Full-bridge SMs

Figure 45: Full bridge sub-module [66].

In order to handle the DC fault, the MMC can also utilize the full
bridge submodules. In Figure 45, it can be seen that four IGBTs are
installed in one full-bridge submodule. It can generate three levels of
voltages, namely, +Vc, 0, -Vc. Compared to the HB-submodules, the
full bridge submodules will behave like a diode bridge, and the output
voltage will be +Vc regardless of the current direction. The DC fault
can be blocked and the DC fault current can be reduced by blocking
the FB-MMC converter. Furthermore, the FB-MMC can even keep
active due to its capability of the DC bus control.

Clamp double SMs

The clamp double topology was first presented by Marquardt in 2010
[67] and the diagram of the topology is shown in Figure 46. The main
objective of this topology is to reduce the power losses while keeping
the DC fault handling capability. In case of DC-side faults, all active
switches, including S5 should be switched off. After that, if the current
is positive, one capacitor voltage will be seen by the output of the sub-
modules. And if the current is negative, the two capacitors are in series
to block the current. In any case, the DC fault current can be blocked
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Figure 46: Clamp double sub-module [66].

by the clamp double submodules. But the physical implementation
of the clamp double submodules is complex and needs more research
when trying to use it in real projects.

Cross connected SMs [68§]

Figure 47: Cross connected sub-module [66].

The cross connected SMs use additional two clamp switches Ty and T
to connect two HB SMs and can generate —2 V. by switching OFF
both Ty and Tg to block the DC fault, as shown in Figure 47. However,
the two clamp switches Ty and Ti must be rated at twice the capacitor
voltage thus the effective total number of switches required is the same
as two FB SMs in addition to the need for series connection of two
switches in the cross connected SMs.

Hybrid SMs

The mixed SM is equivalent to the so-called hybrid MMC where the
FB and HB SMs are mixed in each arm in the converter as shown in
Figure 48 [69]. It can generate negative voltage —V,, which allows the
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Figure 48: Mixed sub-module [66].

converter to block the DC fault and offers greater controllability than
the HB SM.

5.6 Interaction between AC and DC systems: AC faults
in hybrid AC/DC systems

5.6.1 Unbalanced ac faults

Three-phase voltages can become unbalanced due to AC faults or nonlinear
load conditions. Normally a three-phase three-line system is used for the
distributed generators. Then there are no zero-sequence components to be
considered between AC grids and MMCs. However, during grid side AC
fault condition, negative components and harmonics will be generated. And
they will have influence on PLLs and control of MMCs. Figure 49 shows
the voltage vector when grid voltages contain fundamental or fifth harmonic
negative components.

The distortion in voltage vector will have an influence on the PLLs of
MMCs. Figure 50 shows the basic structure of the SRF-PLL. Figure 51
shows that with the normal PLL, the phase angle of the voltage also has
the distortion. The positive-sequence voltage vector cannot be properly ob-
tained. A low bandwidth PLL should be used to obtain the proper phase
angles. However it will have influence on the dynamic of MMCs. A decou-
pled double synchronous reference frame PLL (DDSRF-PLL) is proposed to
get the positive fundamental phase angel under the unbalanced condition.
The structure of the DDSRF-PLL is shown in Figure 52.
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Figure 49: (a) Locus of an unbalance voltage vector (b) A distorted voltage
vector |70]
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Figure 50: Basic diagram of the SRF-PLL [70].

Figure 51: Voltage vector phase angle 6 [70].
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Figure 52: Structure of DDSRF-PLL [70].

5.6.2 Converter-side ac faults

Converter-side AC faults will have more severe influence on MMCs than grid
side AC faults. A converter-side phase-to-ground fault can be caused by the
failure of transformer isolation as shown in Figure 53.

i N

-

AC network |§

7

Nao short circuit path to
other ground point

Figure 53: Converter-side AC fault [64].

For monopolar configurations, the converter-side AC fault will cause the
oscillations in pole-to-ground DC voltages as shown in Figure 54. The os-
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cillation happens in the pole-to-ground voltage. The whole DC bus voltage
will not be influenced much. Blocking the converter and tripping ACCBs can
clear this type of faults. However if the converter-side DC fault happens in a
bipolar system, the fault current in grid side will have no zero-crossings even
when the converter is blocked as shown in Figure 55. The ACCBs cannot
act under this condition and a grounding method is proposed to solve the
non-zero-crossing problem in [71].

g TOE—
s AVAVAVATA
Tz 0

IV AVAVAVAVAS
=

=T - ; ; : : 1

Figure 54: Pole-to-ground dc voltage oscillations |71].
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GND R >
Figure 56: Grounding method to solve the non-zero-crossing problem [71].

AC side faults will have an influence on the MMCs. Grid-side fault results
in an unbalance AC system or low voltage condition. The converter should
be kept connected to the grid for a period of time according to the grid codes.
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Therefore the control method must be proposed to keep the converter safe.
Reactive power support is needed in some cases during the faults. However
for the converter side AC fault, it can cause severe damages to MMCs if the
protection system are not designed well. The objective of the protection of
this type of fault is to keep the devices safe in the fault area. The converter
should be blocked and grid side ACCBs should be tripped once the fault is
detected.
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Part IV
Control

Saman Dadjo Tavakoli (supervised by Eduardo Prieto and Oriol
Gomis)

In this section, an overview on the control objectives of the conventional
point-to-point HVDC link and multi-terminal dc (MTDC) grid is presented.
The focus is on the control objectives and requirements of Voltage-Source-
Converter (VSC)-based HVDC grids. First, the control objectives of HVDC
grids are discussed. The HVDC links are categorized based on their applica-
tions; whether they are interconnected to main ac grids, off-shore wind farms,
weak ac grids, and islanded passive grids. Then, the control requirements of
MTDC grids are addressed, outlining the droop control requirements. Sec-
ond, the control systems of conventional VSCs and Modular Multilevel Con-
verters (MMC) are explained. It is also described how to achieve the control
objectives using the outer and inner control loops of the converters. Finally,
the modeling methods for the purpose of control system design are discussed.

6 Time frame for the purpose of control system
design

The time frame for the control system design and the related modeling ap-
proach is chosen based on the control philosophy of VSCs. Since they adopt
a cascaded control system (or multi-loop control system), there are various
time constants associated to each control loops. The most inner control loop,
which is normally output current control loop, has the fastest response and
the shortest time constant which is generally in the order of milliseconds. In
practical cases, it is chosen around 5 ms. The outer control loops, which
are voltage and power control loops, are four to ten times slower than the
inner control loop. Hence, we choose the time constant of the inner control
loop as the time frame for the purpose of control system design and modeling
method.
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7 Overview of challenges associated with the
control system design

The control system design for a grid-connected VSC has been extensively
addressed in the current literatures. However, the control requirements in
application of HVDC grid are still under investigation. There are several
topics which need to be addressed:

e methodology for control system design while considering the dynamics
of all VSCs, cables, dc-dc converters, and other major components of
HVDC systems.

e the interactions between the control systems of VSCs located in the
sending and receiving ends of HVDC system.

e the robustness of the control systems against severe disturbances.

e the dc voltage stability concerns in MMC-based MTDC grids.

8 Point-to-Point HVDC System Control

Up to 2017, there are 30 VSC-HVDC links in operation throughout the world
and 36 more links are in planning stage [1]. Almost all of the links are point-
to-point, except for two links in operation at Nan’ao island and Zhoushan in
China, which are MTDC systems. The active and reactive power regulation
take place at both ends of HVDC link. However, the selection of different
control objectives depends on the application. For instance, in case of grid-
forming application, the HVDC link should control frequency and ac voltage,
whereas in the grid connected applications, the HVDC link needs only to
regulate active and reactive power flow. Nonetheless, the dc voltage control
is necessary for achieving active power balance in the HVDC link. Hence, one
end of the HVDC link must regulate the dc voltage, while the other should
control the active power or frequency. The reactive power regulation can be
done independently at both ends of the HVDC link [2], [3], [4].

Point-to-point HVDC systems can be categorized based on the types of
ac grids they are connected to as shown in Fig. 57. Each of the above-
mentioned application requires certain control objective which are described
in the following sections.
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Figure 57: Classification of HVDC systems based on the types of ac grids.

Table 11: The control pairs at both ends of HVDC link connected between
two main ac grids.

Sending End || Receiving End

PaC7 Qac ‘/dC7 Qac
Pac, Vac Ve, Vac

8.1 Grid connected application

It is assumed that the main ac grid is strong (stiff) enough (with high short
circuit ratio) to provide the HVDC grid with constant frequency and ac
voltage at both ends. A typical HVDC link embedded between two main
ac grids is shown in Fig. 58. The most common control objectives at the
“sending” or “receiving” ends are as follows [5], [6], [7]:

e DC terminal voltage control (V)
e Active power control (F,.)

e Reactive power control (@)

e AC voltage support (V)

The grid operator determines the control mode of a HVDC system for
specific purposes. However, a HVDC station commonly chooses control of
the control pairs that are indicated in Table 11 for the sending and receiving
ends [6], [8].

Since active and reactive power control by HVDC link are of utmost
importance, it is useful to have a look at the PQ diagram of HVDC link.
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Figure 58: Conventional control functions in HVDC link between two ac
grids

The PQ diagram of a typical HVDC system, as seen either from sending or
receiving ends, is shown in Fig. 59 [9], [10]. The power control of an HVDC
system is mainly limited by the VSC converter voltage and current limits
and the requirements of the connected ac grid. As it can be seen from Fig.
59, inside the PQ diagram, the active and reactive power that the HVDC
link is able to supply during normal conditions are defined by a rectangular
area.

Recently, there have been some interests on power factor regulation by
HVDC links [9]. In fact, the European Network of Transmission System
Operators for Electricity (ENTSO-E) has revised the Network Code on High
Voltage Direct Current (HVDC) connections to specify that the HVDC links
shall be capable to operate at least in one of the following reactive control
modes: ac voltage mode, reactive power mode, and power factor (PF) control
mode [11].

8.2 Weak ac grid-connected application

As mentioned earlier, the characteristics of the ac grid have a major impact
on the control system of an HVDC link. In case one end (or both ends) of
the HVDC link is connected to a weak ac grid, some issues appear to the
control system of HVDC system [12], [13], [14]. A weak ac grid can have
two different characteristics [12]: high impedance ac grid, which can cause
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Figure 59: PQ diagram example of a HVDC link [10].

ac voltage instability and power transfer limitations; and low-inertia ac grid,
which leads to major frequency deviations.

High impedance ac grid is normally characterized by its low short circuit
ratio (SCR) [13]. Weak and very weak ac grids have the 2<<SCR<3 and
SCR<2, respectively. Although LCC HVDC systems are remarkably more
vulnerable to high impedance ac grid, VSC HVDC systems also exhibit ac
voltage instability if connected to very weak ac grid.

The influences of high impedance ac grid on the control system of a
HVDC link are twofold [15]. First, as the ac grid becomes weaker, the power
exchange capability with the HVDC grid reduces. With weak ac grid, there
is only a narrow range of voltage enabling the full power export or import.
Second, as the ac grid impedance increases, the voltage magnitude of the ac
system becomes ever more sensitive to power variations of the HVDC system.

Typically, with low-inertia ac grids, the HVDC system is required to
achieve frequency stabilization using frequency droop feedback. With high-
impedance systems, the voltage stabilization may be required [12], [15], [16].
This is shown in Fig. 60.
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Figure 60: Control functions in HVDC link connected to a weak ac grid.
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Figure 61: Control functions in HVDC link connected to an offshore wind
farm.

8.3 Grid forming application

HVDC links connected to a wind farms or islanded oil/gas platform may be
required to operate in grid-forming mode. In this mode of operation, HVDC
link is responsible to perform the following control objectives:

e ac voltage regulation
e frequency control

(A) Wind farm application

In case the HVDC system is connected to an offshore wind farm, the most
common control objectives are ac voltage and frequency control at the wind
farm side of the HVDC link, while the ac grid side regulates the dc voltage
and reactive power. [17], [18]. The overview of this system is shown in Fig.
61.
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Figure 62: Control functions in HVDC link connected to a passive ac grid.

(B) Passive ac grid application

A passive ac grid is an ac network that has no inertia and no voltage
controlling unit. An HVDC link can supply islanded /passive grids or gas/oil
offshore platform [12|. Due to the limited number of power generating units in
a typical islanded /passive ac grid, the HVDC link should provide ac voltage
and frequency support for this network [19]. An overview of this control
system is given in Fig. 62.

8.4 Additional functions performed by HVDC links

Due to the interactions between HVDC link and host ac network, and con-
sidering the control flexibility of VSC-based HVDC systems, further control
objectives can be realized, such as power frequency damping and inertia em-
ulation. The power oscillation damping (POD) is an electromechanical phe-
nomenon that occurs between a large synchronous machine and a moderate-
size ac grid [12]. The POD is typically realized through the power system
stabilizer (PSS) of large generating units. However, the active/reactive power
control loop of HVDC link can be modified to perform this control objective
[20], |21].

9 Multiterminal DC Grid Control

Multiterminal DC (MTDC) grids pose several control challenges, among
which the dc terminal voltage control is of utmost importance. As shown
in Fig. 63 several converters are connected to the same dc terminal of a
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Figure 63: A generic topology of a MTDC grid.

MTDC grid. Then, different controllers can be implemented to maintain the
stability of the network.
Referring to the current literature, there are several ways to classify the
dc voltage control methods. The voltage control methods can be categorized
based on centralized and distributed control systems as follows [22], [23]:
(A) Centralized dc voltage control:

e Master-slave: in this control strategy, a master station is responsible for
regulating the dc voltage while other stations control power [24]. This
control strategy has been practically implemented by Nan’ao MTDC
grid [25]. The main drawback of this control strategy is its low relia-
bility since the proper operation of the grid cannot be ensured if the
master station fails [24], [26]. Moreover, the master station must be
connected to a very strong ac grid to deliver high amount of power very
fast to ensure dc voltage stability.

e Voltage margin control: the performance of master-slave control system

can be further improved using voltage margin control.

In case the

master station reaches its maximum power or goes off-line, there are
reserved stations to immediately take over the role of dc voltage control.
However, the voltage margin control has the same instability issues of
master-slave control which is due to only one station is regulating dc
voltage at one time [27].

e Priority control: this dc voltage control approach, in fact, combines
droop control with master-slave control. The station with high priority

114



Deliverable 3.1

—_
INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

operates in a constant voltage mode, and other stations in droop con-
trol mode. The main disadvantage of this approach is that when the
MTDC grid becomes large, the coordination between stations to find
high priority station is cumbersome [5].

(B) Distributed dc voltage control: Voltage droop control is a decentral-

ized strategy in which dc voltage is controlled by multiple stations to maintain
both voltage stability and power balance [24], [27]. A detailed discussion on
the limitations and performance of droop controller is provided in [22]. In
short, there are mainly three limitations associated with droop controller:

e DC voltage limit: the upper limit is determined by the specification

of the switching devices and other dc components. The lower limit,
however, depends on the converter control system. The upper and
lower limits are shown in Fig. 64.

Power limit: every converter station has a certain power rating and
overload capability. The power limit appears as a hyperbolic curve in
the I-V plane and as a vertical line in P-V plane, which is indicated in
Fig. 64.

DC current limit: the upper limit is based on the current ratings of the
switching devices and other dc components.

Within the permissible region given in Fig. 64, the dc voltage droop
controller is presented in Fig. 65. The droop controller in I-V plane and P-V
plane would have different characteristics. In the I-V plane, the following
equations describe the current-based and power-based droop equations:

Aly = =AUy,
droop in I —V plane : ¢ k’U ¢ P 1 9 (77)
AP = (Y2 + 512) AU + £AUS,
AP, = 2 AU
droop in P —V plane : { ¢ hr ‘ AU, (78)
Alge = (E o [dco) AUgc+AUqeo

The standard current and power-based droop characteristics are shown
in Fig. 65; however, there are also other versions of droop controller such
as deadband or undeadband droop controllers which are slightly different
from the standard version. A detailed review on different droop controllers
is provided in [22].
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10 Converter Control System

The control objectives discussed in the previous sections can be realized
by the control systems of the VSC stations. The control systems of VSC
and MMC have the same basics; however, MMC requires additional en-
ergy/current control systems. First, the control systems of the conventional
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VSC are investigated and then the additional requirement of MMC are ex-
plained.

10.1 Control System of Conventional VSC

Various control systems have been proposed for VSC HVDC systems. Direct
control using modulation index and phase angle has been widely implemented
[5], [28], [29]. However, this type of controller is unable to independently
regulate active and reactive power due to the high degree of coupling between
control parameters. Another drawback of this control system is the lack of
inner current control loops, which cannot limit the VSC output current.

The most popular control systems which are based on the inner current
control loops are resonant controller and decoupled vector control. Since the
decoupled vector control, known as “d-q control”, provides better performance
as compared with resonance control, this is the de facto control system for
the VSC HVDC systems [5].

In d-q control approach, current and voltage variables are mapped to
d-q axis and treated as dc waveforms under steady state conditions [30],
[31]. This in turn, permits utilization of PI controller with simple structure
and low dynamic orders. However, the d-q control requires a Phase-Locked
Loop (PLL) to adjust the rotational speed of the dq-frame, 6, so that the
g-component of grid voltage is forced to zero in steady state conditions.

In its most common structure, the d-q controller is based on the inner
current loops which are decoupled so that the active and reactive power
can be regulated independently. The references to the d-q current loops are
provided by outer control loops which are usually the active and reactive
power loops.

The d-q control system of a VSC is shown in Fig. 66. The control system
can be divided into three parts: the internal control, inner control, and outer
control. The internal control is commonly the modulation techniques used
to drive the IGBT gate signals g; ... g, based on the references provided by
the inner control loops, mg.. The inner current loops are essentially two PI
regulators which make sure that the d-q current references are tracked with
the desirable dynamics and zero steady state error. The outer control loops
produce d-axis current reference from either active power reference (P,.)
or dc-link voltage reference (Vg.); and g-axis current reference from either
reactive power reference (Q,.) or ac terminal voltage reference (V).
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Figure 66: dq control of VSC HVDC system.

The common practice is that the outer control loops (power and volt-
age loops) operate with lower bandwidth compared with the relatively high
bandwidth of the inner control loops (current loops). Ideally, for any cas-
caded control system with fully decoupled operation, the outer control loops
should be at least four to ten times slower than the inner control loops [5],
[32], [33]. A detailed discussion on how to design and tune this control system
is provided in [30].

10.2 Control System of MMC

The structure of a MMC is presented in Fig. 67. Each leg of the MMC
contains two arms (upper and lower), and each arm is made up of hundreds
of submodules (SMs). Various topologies for submodules have been intro-
duced in literature; however, for the purpose of control system design we only
consider half bridge topology for submodule.

In order to control the MMC shown in Fig. 67, various approaches have
been proposed in literature. However, the following classification can be

made [34], [35]:

e Non-energy control approach (uncompensated modulation): This ap-
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proach includes direct voltage modulation [36] or open-loop modulation
[37], which are known to be asymptotically stable but their transients
depend on the converter impedances rather than being imposed by
a controller, leading to slow time constant and undesirable dynamics
[38]. Moreover, a Circulating Current Suppressing Control (CCSC) is
required to eliminate circulating current inside the MMC [39].

e Energy-controlled approach (compensated modulation): This approach
is also called closed-loop control approach [40], in which no parasitic
voltage components appear, but it requires arm energy controllers to
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Figure 68: Typical control system of MMC.

ensure an asymptotically stable system [41].

General Scheme for MMC Control System

The general control structure of MMC is shown in Fig. 68. The control
loop for the output current has the highest bandwidth (fast response) of
all nested control loops and it can be regarded as the heart of the control
system. The output of the current control loop is voltage references which can
be forwarded directly to the modulation control in case of conventional VSC.
However, due to the complexity of MMC, the voltage references are used
to control the circulating current and capacitor voltage balancing. Then,
the result references, known as insertion indices, are fed into another control
stage including modulation and submodule balancing control. Finally, gate
signals are produced and applied to the relevant submodule [41].

Referring to Fig. 68, the inner current loop and outer power /voltage loop
are similar to the control system of conventional VSC (see Fig. 66). But, the
internal control of MMC is more complicated than conventional VSC. Two
specific control functions are performed by Arm Balancing Control: circu-
lating current control, which in fact, controls the charging and discharging
of the submodule capacitors; and the sum capacitor voltage control (arm
voltage control), which makes sure the sum capacitor voltages converge to
de-link voltage [41].

The main control approaches for sum capacitor voltage control are as fol-
lows: direct voltage control [42], closed loop voltage control [43|, and open
loop voltage control [43]. A detailed discussion on the advantages and dis-
advantages of each control approach is given in [41].

Energy-based Control System of MMC
The energy-based control system is shown in Fig. 69(a). A very detailed
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Figure 69: Energy-based control system of MMC; (a) block diagram, (b)
detailed control system [45].

discussion on this control system is provided in [34] and [45]. In this approach,
two control systems are operating together to produce the voltage references
for the modulation and submodule balancing systems of a MMC. One control
system is responsible for controlling the output current (power) of MMC,
while another takes the role of controlling the internal energy of the MMC.
As indicated in Fig. 69(b), the control system has the following sections:

e Grid side (output) current control: this controller is common with con-
ventional VSC control systems. It is identical to Fig. 66 in dq frame;
however, it is also possible to design the controller in a5 frame to reg-
ulate the grid current, 7,, at the fundamental frequency.

e Additive current control: this control system is responsible for regulat-
ing the currents flowing through arms and circulating inside the MMC,
Tsum- Lhis control system is somewhat independent from the grid side
current control, meaning that both current controllers can be treated
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as two decoupled systems. The control system of i,,, operates to make
sure the internal energy of the MMC is balanced based on the references
received from outer control loops.

Reference calculation: this part of the control system mainly produces
references based on mathematical equations. There is no control loop
inside and only references for grid current and additive current, respec-
tively, i, and 74y, are generated.

Power feedforward: the exchanged power inside MMC is calculated
here and feedforward signals for energy loops are provided. This is
done only to improve the dynamics of the energy control loops and it
has no impact on the steady state performance.

Energy control: energy control is the outer controller which calculates
the exchanged energy between three legs and dc link, and between
upper and lower arms of each leg. Using PI controllers, the outputs
of energy control loops are references of exchanged power between legs
and arms.

11 System Modeling for Control System De-

sign

In this section, the dynamic modeling of grid-connected conventional VSC,
MMC, and HVDC cable is carried out.

11.1 Modeling of grid-connected conventional VSC

The conventional VSC can be modeled in three phase abc frame, af frame,
and d-q frame. However, the most common approach is to use d-q frame
and implement conventional PI controllers since all variables would be dc
quantities. Referring to the VSC shown in Fig. 66, the three-phase ac grid

voltage can be written as

V,a(t) = V,, cos(wo t + 6p) (79)
N 2
Via(t) =V, cos(wo t + 0y — ?W) (80)

122



s : Deliverable 3.1

INNOVATIVE TOOLS FOR OFFSHORE WIND AND DC GRIDS

Y

K (s)

I € u
L}?J_’ Kq(9) q

Figure 70: Simplified inner current control loops of VSC.
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where \}; is the peak value of the line-to-neutral voltage, wy is the AC system
(source) frequency, and 6, is the source initial phase angle. The space-phasor

equivalent of the grid three-phase voltages can be written as [30],
79 — 1, ¢i(wot+bo) (82)

The dynamics of the ac side of the VSC are described by the following space-
phasor equation:
di —
Lol =R (V=T (83)

where, R and L are the output filter resistance and inductance, respectively;
and V; is the converter ac terminal voltage. Assuming that the PLL adjusts
the rotational speed of d-q frame, applying the d-q transformation would
result in the following dynamic equations:

o

L ﬁ = Luwyiy — Rig+ Vig — V, (84)
di, o

L E = —LWQZd - qu + %q (85)

The plant transfer functions of the VSC can be simply obtained from (84)
and (85). The design and tuning of the inner current control loops are based
on the above-mentioned equations. It is worth mentioning that the terms
(Lwoiy) and (—Lwoiq) appear in the equations due to the d-q transformation.
The complete model of a grid-connected VSC, including controllers, is
shown in Fig. 66; however, the inner current control loops can be further
simplified with two independent control loops as presented in Fig. 70.
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The PI controllers, K4(s) and K,(s), have similar proportional and inte-
gral coefficients,

k, s+ k’z
Kals) = K, (s) = 200 (56)
A common practice is to select the coefficients as follows:
L R
k,=— and k;=—
T; T

where 7; is the time constant of the resultant close loop system. This time
constant is a design choice: it should be small for fast current control re-
sponse, but large enough such that 1/7;, which is the bandwidth of the closed
loop system, is smaller (10 times) than the switching frequency of VSC. De-
pending on the requirement and application, 7; is chosen in the range of 0.5
to 5 ms [30].

The current references, indicated in Fig. 70, can be supplied by the outer
power /voltage control loops as shown in Fig. 66. As discussed earlier, the
dqg-axis reference can be calculated by ac power, which is,

2

.ref — P'r‘ef 87

Zd 3‘/5d s ( )
2

ref ref ]8

W= @ (58)

This method is known as feedforward control which has robustness issues [5].
An alternative way is to regulate power using a PI controller as indicated in
Fig. 66. Moreover, it is also possible to use dc-link voltage and ac voltage,
Vdc and Vac, to generate, respectively, the d and g-axis current references.
However, the inner current control loops of Fig. 70 are at the heart of all
available control schemes.

11.2 Modeling of MMC

Dynamics and control of MMC is fully described in [41]. Since the typical
MMCs in HVDC application may have very high number of sub-modules
(400 level MMC), very detailed models of MMC may include thousands of
semiconductor switches and normally must use small numerical integration
time-steps to accurately represent high-frequency events [46]. The compu-
tational burden introduced by detailed models may not be necessary for the
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purpose of control system design. It is possible to estimate the similar be-
havior and dynamic response by implementation of simplified MMC models.
These simplified models also known as average models replicate the average
response of switching devices [47], [48], [49].

The detailed switching models which include all ac and dc components
of variables can be obtained systematically. Generalized voltage-based state-
space modeling including control loops is proposed in [50]. Another detailed
model suitable for energy-based control system is addressed in [51]. For a
power system dynamic simulation and control design approaches, the com-
prehensive switching level models have no key dynamic contribution to the
dynamics of the integrated system [52], [53], [54]. Moreover, in [46], it is
shown that the proposed average model accurately replicates the dynamic
performance of the detailed switching model. Hence, for the purpose of
MMC modeling, the average model will be adopted.

The following modeling approach of MCC is adopted mainly from [34],
[36], [45]. Referring to Fig. 67, the dynamic equations of the MCC per phase
are (j = a,b,c)

VUDC—vi—vg—vn:
S di ’ dit
Rl + Lot 4 (R + Ry)il + (L, + L) 7 (89)

e J J —
Vith —v =) — v =

.j di] ; dil
—Ryi] — La— + (Rs + Ry)il + (Ls + L,)— (90)
dt dt
where,
R,, L,: arm resistance and inductance.
R, L,: as filter resistance and inductance.
VPO Y DPC: upper and lower voltages of the HVDC link.

vy : thevenin ac grid voltage.

vl vf : voltages applied by the upper and lower arms.
il ,4l: current flowing through the upper and lower arms.
i’ ac grid current.
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It is a common practice to define the following variables for convenience:

(Uéiff = 1/2(_%4‘1’{)

O = V3 + U]

o = 1/2(3 4 i) and
R=R;+ R,+ R,/2
kL:LS%—ngLLa/Q

Ulj = Uzliff + 1/2,0gum
io=1/2i +42,

i = —1/2i] + i

sum

In the above-mentioned definitions, véi sy 1s called differential voltage which

is approximately equal to the ac grid voltage; v/, is the additive voltage ap-

proximately equal to the sum of the dc poles voltages. /. is the circulating
current flowing through the arms of phase j and has no impact on the grid
ac current.

Adding and subtracting (89) and (90) and replacing the variables defined

above, we have

1 . . . dil

SO = V) vy v v =R+ L % (91)
Do = (VPC PO = 2R, I, — 2L Bz 92

Vsum ( u + l ) - a Vsum a dt ( )

Equations (91) and (92) describe the dynamics of MMC and are therefore
suitable for small-signal analysis and control system design. However, it is
not easy to transform them into d-q frame and make them dc quantities. It

is well-known that i/, contains both dc and ac components [50], [51]:

e A dc component associated with the total internal energy of converter,

e A fundamental frequency component that can be associated with the
energy exchange between the upper and lower arms,

e A second harmonic component associated with the double frequency
characteristics of the single phase power flow in each phase.

Hence, the modeling of MMC becomes complicated as variables with mixed
ac and dc components cannot be transferred into the d-q frame easily. Various
approaches are introduced to overcome this problem. The detailed modelings
in [50] and [51], in fact, consider all components of variables and introduce
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Figure 71: Cable model with parallel series branches [34].

several transformation frames; however, for the purpose of control system de-
sign, the models are unnecessarily complicated. More simplified approaches
are delivered in [34] and [45]. However, the basic dynamic equations (91)
and (92) are similar in all approaches.

11.3 Modeling of HVDC Cable

The dynamic behavior of HVDC cable has a major impact on the stability
of the system. There are two main methods to model cables: lumped and
distributed parameters models. Regarding the former, cascaded pi-sections
are used; while in the later method, the wideband known as Universal Line
Model is usually the preferred alternative for accurate Electromagnetic Tran-
sient simulations [34], [55]. However, these models cannot be adopted in
state-space modeling. This issue is addressed in [56], deriving a lumped pa-
rameters vector fitting based model with parallel branches that accurately
reproduce the detailed wideband models [57].

This model is presented in Fig. 71, where v refers to the positive
monopole corresponding to 1/2Vpe in steady state conditions. The more
cascaded sections are considered for this model, the more accurate response
can be obtained. Some studies considered only one section [56], [58]. How-
ever, higher number of sections are required for long cables (five sections or
more). For n sections, (14 4n) differential equations are obtained [34]:

dv,

4 G
dt = E<Zl - ;le,k - Zvl) (93)
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di; ; 1 1 Ry . .
Yiitlk _ e I _L_k%’,z'ﬂ,k i=1..n and k=123 (94)
k k

dU2 4 5 G
= _(Z Innt1k — lg — —U2) (95)
it~ 0\ 1
v 2 < : G
#ﬂ = E(Z liit1k — Zii+1,i+2,k — Evi,i—l-l) i=1,..,n,n>2 (96)
k=1 =1
where,

11,12: input and output currents of the cable.

v1, Ug: total voltages at each cable terminal.

v;i+1: total voltage after section 4,7 + 1.

tii+1,, - current flowing through section 7,7 4 1, branch k.
Ry, Li: equivalent pole resistance/inductance of branch k.
C, G: equivalent pole capacitance/admittance.
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Part V
Conclusions

This deliverable is the outcome of the research performed within Work Pack-
age 3 of the InnoDC project. It is the result of an effort to study different
aspects of AC and DC grid operation in the following domains: reliability,
stability, protection and control. The aim of the report has been to high-
light the challenges associated with AC/DC grids; provide an overview of the
state-of-the-art regarding the operation of these grids; and discuss the time
frames and modelling complexity relevant to each of the domains of power
system operation.

Below is a summary of the topics that were covered, main takeaways and
ideas for the continuation of the project:

Reliability As the current method of reliability assessment, the N-1 reli-
ability criterion, does not consider the likelihood of occurrence of a contin-
gency and may lead to situations of either higher costs of measures taken
or of higher operational risk. Moreover, there is an escalation in system
uncertainties due to a multitude of factors such as the increased renewable
generation, intra-day markets and development of smart grids. Thus, there is
a need to switch to risk-based or probabilistic reliability criteria for optimal
grid operation. Owing to the large-scale development of HVDC grids and
their property of robust control, it is envisaged to consider the controllability
of HVDC grid elements into the existing reliability assessment process and to
mitigate system uncertainty. In view of the above, an implementation of the
security constrained optimal power flow with added flexibility from HVDC
elements is envisaged for ensuring reliable grid operation. As the AC/DC
SCOPF problem exhibits huge computational size and difficulty in dealing
with the discrete variables, the possibility to utilize convex relaxations for
the same are discussed. Finally, the development of a multi-stage AC/DC
SCOPF is proposed so as to provide flexible options to a system operator for
reliable grid management in an environment of uncertainty:.

Stability The increase in the number of power electronic-interfaced devices
in the grid has improved the overall grid controllability but, in turn, gave rise
to dynamic issues that could eventually take the system to an unstable state.
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As the same time, there is an uncertainty regarding the limits and accuracy
of traditional transient stability programs to study this new phenomena and
to what extent the models used today are accurate. In view of that, the
principles behind the traditional phasor-based modelling were reviewed and
a summary of the most commonly used phasor-based models for the main
AC/DC power grid components was provided. Future work will focus on the
development of reduced-order models for different AC system studies.

AC Protection With the integration of VSC based HVDC link, the AC
power system network faces new challenges, different from all the experience
gathered to date. Despite the continued study and simulations of the inter-
actions between the AC and DC grids, the interactions and the challenges
which the AC system, more precisely, the AC transmission protections face,
are still not fully understood. The focus will be to complete the list of poten-
tial challenges of HVDC and VSC technology on AC transmission protection
systems. Including gathering experience from current super grid connections
or HVDC technology users on AC systems from all over the world; Some
of the methods or generic approach for relay parameters setting and testing
were described, which support Protection Engineers. The next step will be
to understand how test cases are designed, which will support the work going
forward. Modelling and testing relays can be done by combining external
models (using MATLAB, C++) with EMTP software, or by utilising software
package which has inbuilt simulation options and commercial relay models.
The second is the most common approach for TSO Protection Engineers and
will be the focus of the efforts going forward. The goal is to continue to
assess current software packages and better in-depth understanding of the
relay models and simulation definitions available within these tools. This
will allow a more realistic testing or simulation, because the models can re-
semble real systems. To support this testing it is necessary to understand
what VSC-based HVDC networks models are more appropriate for the type
of testing, including simplifications and main time frame applications.

DC Protection DC protection is an essential part for the stability and
reliability of a hybrid AC/DC system. DC grid protection and the interaction
between AC and DC networks were discussed in Section 5. The challenges
for DC protection has been given firstly. Then the DC protection system
and time frame of DC protection were analyzed. Different DC protection
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devices (such as ACCBs, DCCBs, FB-MMCs) were discussed in terms of
their different characteristics. Finally, the interaction of the AC and DC
network was analyzed based on ac faults and possible solutions were given.
Future work will cover the analysis of DC protection in both point-to-point
links and MTDC systems. Cables and overhead lines will also be included
to analyze the transient characteristics of DC faults.

Control This chapter of the report considers various aspects of the control
systems in HVDC application. First, the control objectives and requirements
are described based on the types of ac grids the HVDC system is connected
to. HVDC systems are divided into three main categories, including grid
connected, grid forming, and weak ac grid connected. Each of them requires
certain control objectives which slightly alters the control system of converter.
Second, the concept of multiterminal dc grid is introduced, which is followed
by a brief discussion on the various dc voltage control alternatives with focus
on the droop controller. Since the control objectives of an HVDC system
are realized only through power electronic converters, the control systems of
conventional voltage source converters and modular multilevel converters are
explained. Only the cascaded (multiloop) control system in dg-frame is con-
sidered. Finally, the modeling of various components of HVDC systems are
addressed. The dynamic equations and transfer functions of grid-connected
converters are derived in dg-frame, and HVDC cable is modeled adopting a
lumped parameters vector fitting based approach.
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